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SUMMARY 
 
The Sundays Estuary is permanently open to the sea and has been described as channel-like 
along its entire length with a narrow intertidal area (mostly less than 5 - 6 m in width). The 
estuary experiences regular freshwater inflow with large supplies of nutrients, derived from the 
Orange River transfer scheme and agricultural return flow. In particular, nitrate concentrations 
are high as a result of fertilisers used in the Sundays River catchment area. The objectives of 
this study were to measure microalgal biomass and community composition and relate to flow, 
water quality and other environmental variables. Surveys in August 2006, March 2007, 
February, June and August 2008 showed that salinity less than 10 ‰ mostly occurred from 
12.5 km from the mouth and this was also where the highest water column chlorophyll a (>20 
µg l-1) was found. Different groups of microalgae formed phytoplankton blooms for the different 
sampling sessions, which were correlated with high chlorophyll a. These included blooms of 
green algae (August 2006), flagellates (March 2007), dinoflagellates (June 2008) and diatom 
species (February and August 2008). The dominant diatom (Cyclotella atomus) indicated 
nutrient-rich conditions. Green algae and diatoms were associated with low salinity water in the 
upper reaches of the estuary. Flagellates were dominant throughout the estuary particularly 
when nutrients were low, whereas the dinoflagellate bloom in June 2008 was correlated with 
high ammonium and pH. Maximum benthic chlorophyll a was found at 12.5 km from the mouth 
in February, June and August 2008 and was correlated with high sediment organic and 
moisture content. Benthic diatoms were associated with high temperature whereas some 
species in June 2008 were associated with high ammonium concentrations. The middle 
reaches of the estuary characterise a zone of deposition rather than suspension which would 
favour benthic diatom colonization. Phytoplankton cells settling out on the sediments may 
account for the high benthic chlorophyll a because maximum water column chlorophyll a was 
also found in the REI zone (where salinity is less than 10 ‰ and where high biological activity 
occurs) in the Sundays Estuary.  
 
The estuary was sampled over five consecutive weeks from March to April 2009 to identify 
environmental factors that support different microalgal bloom species. Phytoplankton blooms, 
defined as chlorophyll a greater than 20 µg l-1, were found during Weeks 1, 4 and 5 from the 
middle to the upper reaches of the estuary. Diatom species (Cylindrotheca closterium, 
Cyclotella atomus and Cyclostephanus dubius) occurred in bloom concentrations during these 
weeks. These diatom species are cosmopolitan and indicate brackish nutrient-rich water. 
Flagellates were the dominant group in Weeks 2 to 4, but positive correlations with chlorophyll 
a were found during Weeks 1 and 2. During the first week of this study the conditions were 
warm and calm (measured as temperature and wind speed) and there was a well developed 
bloom (38 µg l-1). There was a strong cold front from 17 to 19 March, which mixed the water 
column resulting in the decrease of the chlorophyll a levels (<20 µg l-1) and the bloom 
collapsed during Weeks 2 and 3. However, in Weeks 4 and 5 conditions were again calm and 
warmer, which appeared to stimulate the phytoplankton bloom. Nanoplankton (2.7 - 20 µm) 
was dominant during each week sampled and contributed a considerable amount (55 - 79 %) 
to the phytoplankton biomass. Once again subtidal benthic chlorophyll a and water column 
chlorophyll a were highest 12.5 km from the mouth. Deposition of phytoplankton cells from the 
water column was evident in the benthic samples. The study showed that the Sundays Estuary 
is eutrophic and characterised by microalgal blooms consisting of different phytoplankton 
groups.   
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1. INTRODUCTION 
 
According to the National Water Act (36 of 1998) an estuary is defined as: “a partially or fully 
enclosed water body that is open to the sea permanently or periodically, and within which the 
seawater can be diluted, to an extent that is measurable, with freshwater drained from land”. 
There are approximately 289 estuaries in South Africa which fall within this definition. A 
classification system has been developed for South African estuaries based primarily on broad 
physical features (Whitfield, 1992). The different types are permanently open (POE), 
temporarily open/closed estuaries (TOCE), estuarine lakes, estuarine bays, and river mouths. 
 
South Africa has a 60 year history of co-ordinated estuarine research (Heydorn, 1984). This 
has been summarised in Day (1981) and Allanson & Baird (1999). Estuarine research is 
important as it provides the knowledge and capacity to manage estuaries. Estuaries 
experience immense pressure caused by the demand on water resources as a result of 
development in the catchment and urban areas (Adams, 2004). Freshwater inflow is vital to the 
maintenance of salinity profiles; in urban areas nutrient supplies are siphoned off or water 
inflow to estuaries is polluted (Turpie et al., 2002). These pressures threaten the health status 
of many South African estuaries and also cause them to be functionally degraded.  
 
The Sundays River Estuary is an important recreational and tourist attraction, and now forms 
part of the Greater Addo National Park. Based on its high biodiversity score, the estuary ranks 
39 out of the top 50 South African estuaries (Turpie et al., 2002) ranked in terms of biodiversity 
conservation importance. The estuary is classified as permanently open (Whitfield, 1992), 
increasing its importance as only 18 % of South African estuaries have a permanently open 
connection with the sea. The Sundays Estuary does not have extensive intertidal sand banks, 
mudflats or salt marsh. Microalgae contribute 95 % to primary production as there is little 
suitable habitat for macrophytes (Adams & Bate, 1996). Since phytoplankton-dominated 
estuaries are uncommon in South Africa (Adams & Wooldridge, 1996) and the Sundays 
Estuary is one of few permanently open estuaries, it needs to be conserved so as to maintain 
a diversity of estuary types (Adams & Bate 1996). 
 
In South Africa, previous studies on microalgae were mainly on permanently open estuaries 
(Lucas, 1986; Wooldridge et al. 1989; Hilmer, 1990; Hilmer & Bate, 1991; Adams & Bate, 
1999) with temporarily open/closed estuaries (TOCE) being overlooked. However, in the past 
few decades research on TOCE’s has increased (Gama et al., 2005; Thomas et al., 2005;  
Froneman, 2006; Perissinotto et al., 2006; Anandraj et al., 2007; Taljaard, 2007; Anandraj et 
al., 2008; Whitfield et al., 2008) and there are few recent studies on microalgae in permanently 
open estuaries. The findings of this study will add to the available information on microalgae in 
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this type of estuary. The aim of this study was to determine microalgal biomass and community 
composition and relate these to flow and water quality. 
 
Previous studies in the Sundays Estuary i.e. Wooldridge et al. (1989), Hilmer & Bate (1991), 
Adams & Bate (1999) and Scharler (2000) have shown that phytoplankton blooms (where 
chlorophyll a is >20 µg l-1) form in the upper estuary when nutrient nutrient concentrations are 
high. These blooms tended to occur in the middle reaches of the Sundays Estuary between 
12.5 and 16.3 km from the mouth and frequently consisted of red tide species of 
dinoflagellates. Dinoflagellates favour a stable stratified water column when nutrient 
concentrations are still relatively high (Margalef, 1978). Hilmer & Bate (1991) showed that the 
dinoflagellate Katodinium rotundatum and the chlorophyte Micromonas pusilla formed blooms 
above the halocline in the upper reaches where retention time of water was greatest. An 
objective of the current study was to determine the microalgal community composition of 
phytoplankton blooms. 
 
Phytoplankton biomass and succession have been shown to respond to changes in 
environmental conditions (e.g. advection and mixing rates, grazing rates, recirculation, 
turbulence, stratification, water clarity, sedimentation, hydrology, light, nutrients, temperature, 
salinity, wind and the interaction amongst these factors) over a wide range of temporal and 
spatial scales. Phytoplankton blooms were studied in the Sundays Estuary over a five week 
period in order to describe the conditions that supported bloom formation. Subtidal benthic 
biomass was investigated at the same time to see if this was associated with high 
phytoplankton biomass and whether there was deposition of phytoplankton species. The 
findings from this study will add to the available information on microalgal responses to 
environmental factors, particularly in permanently open estuaries.  
 
Benthic microalgal biomass in the Sundays Estuary was expected to be high when water flow 
was low.  Studies in the Gamtoos Estuary (Snow et al., 2000a) showed that high flow (greater 
than 1.2 m3 s-1) scoured away the biofilms of epipelic diatoms consequently causing a 
reduction in microphytobenthos biomass. High flow rates were also associated with very 
coarse (>250 µm) and mobile subtidal sediments. Snow (2007) found that in the Swartkops, 
Gamtoos, Keurbooms, Mngazi and Mngazana estuaries, there were strong correlations 
between intertidal microphytobenthos (MPB) and sediment type which serves as an indication 
of nutrient availability. Benthic chlorophyll a was significantly correlated to the percentage of 
sediment particle sizes less than 125 µm, organic matter and moisture content. The present 
study investigated whether this was the case in the Sundays Estuary.  
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2. LITERATURE REVIEW 
2.1. Importance of microalgae in estuaries 
 
The study focused on two communities of microalgae that contribute to primary production in 
estuaries, namely phytoplankton and microphytobenthos. Phytoplankton plays a significant 
role in nutrient cycling and also serves as a primary food source within freshwater, estuarine, 
and marine habitats (Cloern, 1996; Dame & Dankers, 1988; Lucas et al., 1999b; Ohrel & 
Register, 2006). Phytoplankton are used as indicators of changes in ecological conditions 
because they are very sensitive to environmental perturbations (Hays et al., 2005; Paerl et al., 
2006). Benthic microalgae play an important role in estuaries because they stabilise the 
sediment surface through growth and the production of extracellular polymeric substance 
(Underwood et al., 1995; MacIntyre et al., 1996; Widdows & Brinsley, 2002); they regulate 
nutrient fluxes/cycles (Krom, 1991) and gas exchange (Sundback et al., 2003; Sundback et al., 
2004); and serve as a highly nutritious food source for various benthic and pelagic fauna 
(Kibirige & Perissinotto, 2003; Aberle-Malzahn, 2004; Nozais et al., 2005). The vast number of 
microphytobenthos species also provide numerous, sensitive indicators of environmental 
change and the specific conditions of their habitat. In particular, diatom species are 
differentially adapted to a broad range of ecological conditions (Stevenson & Bahls, 1999; 
Stormer & Julius, 2003; De la Rey et al., 2004).  
 
2.2. Phytoplankton 
Phytoplankton are microalgae suspended in the water column that can rely on buoyancy to 
maintain an ideal position in order for optimal photosynthesis to take place (Adams & Bate, 
1999). Some plankton are flagellated and have some independent locomotion, especially with 
relation to vertical migration, however they cannot migrate horizontally against tides or 
currents. Hence, phytoplankton are mainly carried by winds and currents (horizontal and 
vertical currents), turbulence, eddies and shifts in larger bodies of water (Dawes, 1981). They 
are primarily unicellular, although some form chains, e.g. blue-green algae such as 
Trichodesmium and colonial diatoms (Dawes, 1981). In South African estuaries phytoplankton 
are dominant in large channel-like estuaries (e.g. Sundays and Gamtoos estuaries) which 
have large catchments and a high mean annual runoff, and where strong river inflow 
introduces nutrients and creates stratified conditions (Adams & Bate, 1999). 
Table 2.1 describes the different groups that are defined as phytoplankton. Phytoplankton 
communities are made up of different types of algae which vary in size (Wetzel, 1983; Bold & 
Wynne, 1985). These have been separated based on size i.e. microplankton (20 - 200 µm), 
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nanoplankton (2.7 - 20 µm) and picoplankton (0.7 - 2.7 µm). Phytoplankton are primary 
producers and form the base of the estuary’s food pyramid. Without phytoplankton, the 
complex web of estuarine plants and animals would collapse (Ohrel & Register, 2006).  
 
Shifts in phytoplankton communities are carried through the food web and alter food web 
dynamics responsible for sustaining production of higher trophic levels, as well as the flow of 
carbon through the pelagic ecosystem (Kitchell, 1992). Increases in nutrient loading have the 
ability to alter phytoplankton species composition by supporting the growth of species which 
are able to rapidly utilise available nutrients and tolerate the changed environment (Hansson, 
1992; Leibold & Wilbur, 1992). Their importance in channeling carbon energy through the food 
chain is related to the dominant size group found under known prevailing environmental 
conditions (Kitchell, 1992). Aquatic systems that are poor in nutrients have been shown to 
support small-sized phytoplankton. These microalgae show rapid rates of nutrient uptake and 
high turnover rates which suggest that nutrients in short supply are quickly taken up by 
picoplankton due to their large surface area to volume ratios (Goldman & Gilbert, 1983; 
Armstrong, 1994; Fisher et al., 1995; Kirchman, 2000; Snow & Adams, 2007). Locally this was 
evident in the Mdloti, Mpenjati and Nyara estuaries (Perrisinotto et al., 2003), and in the 
Kasouga Estuary (Froneman, 2002a) where, because of low macronutrient input, the dominant 
phytoplankton were pico- (<3 µm) and nanoplankton (3 to 20 µm). Small sized phytoplankton 
have also been shown to be dominant during dry periods (Froneman 2002a; Gobler et al., 
2004; Gobler et al., 2005) as this is when nutrient input tends to be low.  
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Table 2.1. Classification and description of phytoplankton groups (Shipunov, 2007 and Snow, 
2007). 
 
GROUP CLASSIFICATION DESCRIPTION SIZE RANGE 
Diatoms Kingdom: Protista 
Superphylum: Chromista          
Phylum: Chromophyta 
Class: Bacillariophyceae 
Unicellular. Covered by a siliceous 
wall and organic layer. Pigments 
include chlorophyll a & c, beta-
carotene, fucoxanthin, 
diatoxanthin and diadinoxanthin. 
From 2 µm to 1 
mm. 
Chlorophytes Kingdom: Protista 
Superphylum: Chloronta 
Phylum: Chlorophyta 
Class: Chlorophyceae 
A division of green algae. Mostly 
aquatic photosynthetic eukaryotes 
containing chlorophyll a and b and 
store food as starch. 
Nanoplankton 
(2.7 to 20 µm) 
and picoplankton 
(0.7 to 2.7 µm) 
size ranges. 
Dinoflagellates Kingdom: Protista 
Superphylum: Alveolata 
Phylum: Dinoflagellata     
Class: Dinophyceae 
Two dimorphic flagella. Cell wall 
made up of flattened vesicles often 
supporting cellulose plates (theca). 
Can be mixotrophic. Pigments are 
chlorophyll a & c, beta-carotene, 
peridinin, fucoxanthin, 
xanthophylls. 
Most belong to 
microplankton 
(20 to 200 µm) 
size group. 
Cyanophytes Domain: Prokaryota 
Kingdom: Monera 
Bacteria that are capable of 
photosynthesis. No flagella. Many 
species are able to fix atmospheric 
nitrogen. Many species form 
filaments and individual cells have 
thick gelatinous cell wall. 
Up to 30 µm. 
Flagellates Kingdom: Protista 
Species come from a 
range of phyla (algae, 
bacteria and motile 
flagellates) 
Organisms that were considered 
to be flagellates for this study have 
one or more flagella and do not fall 
within the other 4 groups above. 
Some are auto- or heterotrophic 
but others are mixotrophic. 
From 1 µm to >1 
mm.  
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Chlorophyll a is the most common biological variable measured, together with primary 
production, and is used as an estimate of microalgal biomass (Kelly et al., 2001; Boyer, 2009; 
Cloern & Jassby, 2010) as well as an indicator of eutrophication. However, since chlorophyll a 
is a bulk indicator, it can only provide limited information and must be used with caution. Each 
phytoplankton group responds differently to nutrient availability and environmental conditions. 
It is therefore advisable to use microalgal functional groups or phytoplankton community 
composition as indicators of altered physical and chemical conditions (Kwandrans et al., 1998). 
Additionally, chlorophyll a should be used cautiously as an alternative for phytoplankton 
biomass and abundance, particularly when pico- and nanophytoplankton form important 
constituents of the community since blooms of the smaller size classes may be overlooked 
thus overestimating the importance of larger microphytoplankton (Seoane et al., 2005; 
Domingues et al., 2008).   
 
Techniques used to determine chlorophyll a should be carefully chosen and tested in relation 
to the system being measured. Chlorophyll a has traditionally been measured using 
spectrophotometric methods. The chlorophyll a content of sediments has been measured 
using four techniques, namely, spectrophotometry, fluorometry, high performance/pressure 
liquid chromatography (HPLC) (MacIntyre et al., 1996) and now recently, remote sensing 
(Kyewalyanga et al., 2007; Domingues et al., 2008). The HPLC is considered to be the more 
accurate method for benthic biomass measurements when compared to fluorometry and 
spectrophotometry, both of which give inaccurate results if the samples contain substantial 
amounts of chlorophyll b or pigment degradation products (Rodriguez, 1994; MacIntyre et al., 
1996). The HPLC gives lower chlorophyll a values than other methods, which tend to 
overestimate the HPLC method by 30 % (Rodriguez, 1994; MacIntyre et al., 1996).  
 
Most microalgal ecology work emanates from, and has been extensively researched in other 
parts of the world. In South African estuaries research has focussed on fish and invertebrate 
ecology and microalgal ecology has been overlooked (Snow & Bate, 2009). The result is that 
our knowledge of the microalgal component is lacking and fractured. However, because 
microalgae are the important contributors to primary production, there has been an increased 
amount of research on estuarine microalgae in the last decade. Table 2.2 shows water column 
chlorophyll a data reported for a number of South African estuaries. Phytoplankton distribution 
patterns in South African estuaries are remarkably variable and this variability can be seen in 
the minimum and maximum concentrations in Table 2.2 where chlorophyll a has been used as 
an estimate of biomass. Phytoplankton biomass in TOCEs ranges from 0.007 to 303 µg l-1 
(Perissinotto et al., 2000; Nozais et al., 2001; Perissinotto et al., 2002; Whitfield et al., 2008) 
whereas in permanently open estuaries maximum values exceed 20 µg l-1 (Adams et al., 1999; 
Bate et al., 2002a). 
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Table 2.2. Phytoplankton chlorophyll a ranges published for South African estuaries (adapted 
from Adams & Bate, 1999 and Snow & Bate, 2009).  
 
Estuary 
Chlorophyll a (µg l-1) 
Reference Minimum Maximum 
ESTUARINE LAKES 
Bot 0 6 Bally et al., 1985 
St Lucia 0 16 Fielding et al., 1991 
TEMPORARILY OPEN/CLOSED ESTUARIES 
Great Brak <1 13.5 Adams & Bate, 1999 
Kasouga 1.49  7.72  Froneman, 2006 
Maitland 5.3 138 Gama, 2008 
Mdloti 0.09 8.6 Nozais et al., 2001 
Mdloti 0.09 8.6 Perissinotto et al., 2003 
Mdloti 0.87 111 Thomas et al., 2005 
Mhlanga 0.73 303 Thomas et al., 2005 
Mngazi 0.5 25.3 Snow & Adams, 2007 
Mpenjati 0.14 15.4 Perissinotto et al., 2002 
Mpenjati 0.5 11.0 Perissinotto et al., 2003 
Nyara 0.08 4 Walker, 2001 
Nyara 0.007 4.1 Perissinotto et al., 2003 
Nyara 0.08 1.3 Walker, 2003 
Palmiet 2 8 Branch & Day, 1984 
Palmiet <1 <1 Adams & Bate, 1999 
Qinira 3 8 Walker, 2003 
Van Stadens 0.8 13.9 Gama, 2008 
PERMANENTLY OPEN ESTUARIES 
Berg 0.3 6.6 Snow & Bate, 2009 
Berg - 20 Adams & Bate, 1999 
Gamtoos 1.6 115.2 Snow, 2000 
Gamtoos 6.5 Bloom Adams & Bate, 1999 
Great Fish – >100 (bloom) Lucas, 1986 
Great Fish 1 23 Grange & Allanson, 1995 
Great Fish 0 52 Allanson & Read, 1995 
Goukou <1 <1 Adams & Bate, 1999 
Gourits <0.5 0.5 Adams & Bate, 1999 
Gqunube 5 15 Campbell et al., 1991 
Kariega 1 8 Allanson & Read, 1995 
Kariega 0.2 1.1 Grange & Allanson, 1995 
Keiskamma 0 19 Allanson & Read, 1995 
Keurbooms <1 14 Adams & Bate, 1999 
Kromme 4.7 8 Scharler, 2000 
Kromme 1.8 5.5 Snow, 2000 
Kromme 0.6 5 Snow & Adams, 2006 
Kwelera 0 10 Campbell et al., 1991 
Kwelera 2 9 Walker, 2003 
Nahoon 1 6 Campbell et al., 1991 
Olifants 1.7 10.3 Bate, 2006 
Sundays – >100 (bloom) Hilmer & Bate, 1990 
Sundays 12 23 Hilmer & Bate, 1991 
Sundays 5 35 Jerling & Wooldridge, 1995b 
Sundays - 29 Adams & Bate, 1999 
Sundays 8.6 22.8 Scharler, 2000  
Swartkops 4.1 8.6 Scharler, 2000 
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2.2.1. Controlling Factors 
All microalgae require the following for growth: light, carbon dioxide and water for 
photosynthesis, mineral nutrients in solution and a suitable ambient temperature for metabolic 
activity (Ohrel & Register, 2006). Advection and mixing rates, temperature, reduction of light 
from heavy silt loading, grazing rates, recirculation, turbulence, stratification, water residence 
time, water clarity, salinity, wind, nutrient availability, direct flushing of cells by flow and the 
interaction amongst these factors are some of the factors affecting phytoplankton production 
(Adams & Bate, 1999; Chan & Hamilton, 2001; Domingues et al., 2005; Abreu et al., 2010; 
Barbosa et al., 2010; Gameiro & Brotas, 2010). A summary of the relationship between 
phytoplankton groups and their response to physico-chemical factors is provided in Table 2.3. 
It is important to understand the role of short-term changes in environmental conditions in 
order to characterise planktonic processes in any coastal ecosystem (Cloern & Nichols, 1985; 
Sournia et al., 1987; Abreu et al., 2010). Shallow estuaries are especially exposed to a high 
variability on a time-scale of days depending on freshwater inflow (freshets), tides 
(neap/spring), wind (storms) and other episodic events (Cloern & Nichols, 1985). These natural 
perturbations are unpredictable and may cause pronounced gradients in the environmental 
habitat properties of a particular estuary and also influence the composition and dynamics of 
estuarine plankton communities (de Madariaga, 1992).  
 
2.2.2. Nutrients 
Various factors affect phytoplankton, but nutrient availability has been shown to be most 
important freshwater related factor that controls phytoplankton biomass in estuaries (Roelke et 
al., 1999; Cloern, 2001; Domingues et al., 2005; Lopes et al., 2007; Barbosa et al., 2010). 
However, it must be taken into consideration that it is a function of flow, whereby when there is 
high flow microalgae get flushed from the estuary whereas when flow is too low, nutrients tend 
to become depleted. When there is increased nutrient availability, biomass also increases 
(Adams & Bate, 1999). South African studies have shown that phytoplankton biomass in 
estuaries is positively correlated with freshwater input as this supplies nutrients and maintains 
stable stratified conditions. In the Great Brak and Keurbooms estuaries, Adams & Bate 
(1994a) found that phytoplankton biomass was enhanced by the nutrients brought in by 
freshwater pulses and chlorophyll a concentrations increased from <1 to 13 µg l-1. Similarly in 
the Sundays Estuary, high phytoplankton biomass (>20 µg l-1) was maintained if the nitrate 
concentration was greater than 14 µM. This was related to a consistent input of freshwater, 
which was high in nutrients, as a result of agricultural fertiliser runoff from the catchment area 
(Adams & Bate, 1994a). A continuous baseflow of freshwater in permanently open estuaries 
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such as the Gamtoos Estuary (Snow et al., 2000a) has been shown to provide a steady supply 
of nutrients that maintains a productive phytoplankton community at the river-estuarine 
interface (REI) where the vertical averaged salinity is less than 10 ‰ and where high biological 
activity occurs. In contrast, temporarily open-closed estuaries (TOCE’s) are prone to periodic 
mouth closures and the phytoplankton community structure changes over the closed-open-
closed cycle. As a result of highly variable base flows, TOCE’s receive most organic matter 
and nutrients bound to suspended sediments during large rainfall events (Snow & Adams, 
2007). 
 
Nitrogen and phosphorus are basic elements found in all living matter. High levels of dissolved 
nitrate and phosphate concentrations have a stimulatory function on the growth of algae. When 
nitrogen and phosphorus concentrations increase, plant growth is stimulated (Boney, 1975) 
and the balance between the production and metabolism of organic matter is disrupted 
(Cloern, 2001; Flemer & Champ, 2006). Any changes in the ratios of nutrients, N:P and N:Si 
can impact on phytoplankton biomass and community composition (Humborg et al., 1997; 
Gilpin et al., 2004). Nitrogen, phosphorus and silica are considered to be the primary limiting 
macronutrients for primary production in coastal ecosystems. In order to assess potential 
nutrient limitation for microalgae, one needs to examine the periods when nutrient 
concentrations are below the theoretical half-saturation constant (Ks) for uptake, then compare 
the stoichiometry of key elements (C:N:P) to expected optimal growth ratios. The Ks values for 
marine phytoplankton are reported as: 2 µM (28 µg N/ℓ) for DIN; 0.2 µM (6.2 µg P/ℓ) for DIP; 2 
µM (56 µg Si/ℓ) for dissolved reactive silicate (DRS) (Fisher et al., 1992). According to the 
Redfield ratio, the optimal growth ratio for marine phytoplankton for C:N:P is 106:16:1 (based 
on molar concentrations) and 119:17:1 for benthic microalgae (Hillebrand & Sommer, 1999). 
Optimal growth ratios for diatoms for Si:N and Si:P have been shown to be 1:1 and 16:1 
(based on molecular concentrations) respectively (Fisher et al., 1992; Ærtebjerg et al., 2003).  
 
Since phytoplankton groups respond rapidly to changes in nutrient concentrations and specific 
algal species or species groups have numerous physiological adaptations that allow them to 
exploit nutrients differentially, they are regarded as good indicators of nutrient-rich conditions 
(Ohrel & Register, 2006; Heisler et al., 2008). Planktonic diatoms are generally favoured in 
well-mixed conditions and nutrient-rich waters during spring tides (Margalef, 1978; Adams & 
Bate, 1999; Lassen et al., 2004; Zhu et al., 2009; Table 2.3). Ohrel & Register (2006) however 
stated that waters with low nutrient levels are dominated by diatoms, which are a highly 
desirable source of food. Dinoflagellates have been found to dominant when nutrient 
concentrations are high and during stable stratified conditions, whereas flagellates occur 
during periods of nutrient depletion and when stratification sets in (Margalef, 1978; Adams & 
Bate, 1999; Lee et al., 2003). Similarly, Ohrel & Register (2006) noted that cyanobacteria and 
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dinoflagellates become more abundant in water with higher nutrient concentrations, but these 
phytoplankton species are less desirable as a food source to animals. Different species groups 
favour specific nutrient regimes which include ratio of nutrients and the form it resides in 
(Heisler et al., 2008). Diatoms, for instance, need silicon for their growth. Dinoflagellates on the 
other hand have a higher phosphorus requirement than other species groups. Therefore, 
according to the nutrient ratio hypothesis, if nutrient concentrations change resulting in an 
enrichment of phosphorus relative to silicon, a shift away from a diatom-dominated community 
toward flagellates may occur (Heisler et al., 2008).   
 
Estuaries are generally considered as sinks for nutrients and sediments from the catchments 
(Hamilton et al., 2001; Jiang et al., 2004). It has been shown that over-enrichment of estuaries 
can result in phytoplankton blooms (>20 µg l-1), increased organic content in sediments, 
hypoxia (DO <2 mg l-1) and anoxia (Hamilton et al., 2001). Eutrophication occurs when water 
bodies like lakes, estuaries or slow-moving streams receive excess nutrients (usually nitrate 
and phosphate) which encourage excessive plant growth such as algae, periphyton attached 
algae, and nuisance plants (http://toxics.usgs.gov/definitions/eutrophication.html). Algal blooms 
reduce dissolved oxygen in the water when dead plant material decomposes and as a result, 
cause other organisms to die (http://toxics.usgs.gov/definitions/eutrophication.html; Ohrel & 
Register, 2006). Algal blooms have also been shown to reduce light penetration (Boney, 
1975). Allanson & Baird (1999); Gameiro & Brotas (2010) and Hart & Wragg (2009) showed 
that phytoplankton require adequate nutrients and sufficiently long residence time in order for 
blooms to develop. Elevated anthropogenic input also results in phytoplankton blooms, 
followed by organic particle flux to the benthos. In Mdloti and Mhlanga estuaries phytoplankton 
biomass ranged between 0.87 to 111 µg l-1 and 0.73 to 303 µg l-1 respectively (Thomas et al., 
2005). The high chlorophyll a recorded in Mhlanga Estuary is, thus far, the highest value 
recorded in any estuary in South Africa (Table 2.2). This indicates the degradation in this 
estuary as a result of the large volumes of treated sewage effluents that it receives 
(Perissinotto et al., 2004). Similarly, nutrient loading in the Changjiang River (in China) has 
considerably increased in the last two decades and this is attributed to increased sewage 
export, overuse of agricultural ferlitizers and industrial effluents (Gao & Song, 2005). These 
areas currently have critical environmental problems because of frequent harmful algal bloom 
events (Gao & Song, 2005). Such events have not been reported in South African estuaries. 
 
2.2.3. Freshwater input, water retention and flow 
Estuaries are dependent on freshwater inflow to maintain the gradients in environmental 
characteristics that define these transitional water bodies (Ketchum, 1951; Pritchard, 1967). 
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Freshwater inflow transports sediment, nutrients and organic matter from a watershed to 
estuaries (Paerl et al., 2010; Abreu et al., 2010). Therefore, the inherent variability in 
freshwater has an effect on sediment, nutrient and organic loading to estuaries (Russell et al., 
2006). Freshwater inflow in most estuaries is changing because of changes in land use and 
cover, water diversion for human consumption and climatic change effects. Consequently, a 
decrease in freshwater inflow, loss of pulsed events and changes in the timing of pulses result 
(Russell et al., 2006).  
 
Microalgae are usually suspended in the water column and their spatial distribution, either 
horizontally or vertically, is controlled by and almost totally dependent on water motion (Adams 
& Bate, 1994b; Adams & Bate, 1999). Phytoplankton may settle out of the water column during 
calm conditions and occupy the benthic habitat (Adams & Bate, 1999). Phytoplankton biomass 
is positively correlated with freshwater input in permanently open estuaries (Malone et al., 
1988, Hilmer & Bate, 1990; Mallin et al., 1993, Harding, 1994, Snow et al., 2000a; DWAF, 
2004). The correlation has been found to occur in two processes, although responses will be 
influenced by estuary type: (1) vertical stratification promotes stable hydrodynamic conditions, 
thus retaining phytoplankton inside the estuaries; (2) increases in the catchment’s rainfall, and 
subsequent river flow increase nutrient availability to the primary producers in estuaries.  
 
In the Sundays Estuary, regular seawater and freshwater inflows support large phytoplankton 
biomass and a well-developed pelagic food web. This is attributed mainly to the supply of 
nutrients, the maintenance of stable stratified conditions (Adams & Bate, 1999) and favourable 
water retention time (days to weeks). Hilmer & Bate (1991) found that dinoflagellates formed 
dense blooms during neap tides when salinity stratification was most pronounced, due to water 
being present for longer than the doubling time required to produce blooms. The blooms were 
dispersed on the next spring tide as a consequence of vertical mixing. Snow et al. (2000a) 
indicated that in the Gamtoos Estuary, a flow of approximately 1 m3 s-1 provided the residence 
time that resulted in the highest vertically averaged chlorophyll a concentration (115 µg l -1) or 
river-estuarine interface (REI) zone in the upper reaches of the estuary. With increase in river 
flow, residence time decreased, the position of the REI moved further downstream and 
chlorophyll a decreased to 10 µg l -1 at a flow of 30.5 m3 s-1. Flow greater than 2.3 m3 s-1 was 
shown to be not ideal for phytoplankton biomass as the lowest phytoplankton biomass (<20 µg 
l-1) were recorded at this flow (Snow et al., 2000a). In addition, high flow rates can be 
detrimental to phytoplankton by creating a turbid environment, which inhibits light penetration 
(Westeyn & Kromkamp, 1994). However, Mallin et al. (1993) and Harding (1994) found years 
of increased primary production and chlorophyll a were related to years of increased nitrate 
and river flow as well as decreased salinity. Moreover, flooding was normally found to produce 
peaks in phytoplankton biomass and production. Mixing of the water column on the other hand 
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reduced phytoplankton biomass (Monbet, 1992). In other cases, mixing between surface and 
bottom waters in partially stratified estuaries can modify water column productivity by changing 
the residence time and by making regenerated nutrients available to plankton (Vázquez et al., 
1994). 
 
It can thus be concluded that the function of flow and nutrients in the development of 
phytoplankton are not independent. Inflows provide nutrients for blooms (Paerl et al., 2010; 
Abreu et al., 2010); however increased flushing may prevent accumulation of high biomass 
regardless of high growth rates (Abreu et al., 2010). Flow indirectly affects phytoplankton 
biomass and composition through its effect on turbulence. Turbulence provides an advantage 
to diatoms through resuspension of sinking cells making them the dominant group at high 
flows (Sherman et al., 1998). In the Swan Estuary (in Australia) the reduced numbers of 
chlorophytes and dinoflagellates at higher flows, seemingly when turbulence was greater, may 
have provided subjective evidence to support the intolerance to turbulence of these two groups 
(Hondzo & Lyn, 1999).  
 
2.2.4. Salinity 
A longitudinal salinity gradient develops when river water enters an estuary at the head. In the 
Sundays Estuary the introduction of low salinity water allowed for vertical salinity stratification 
to develop in the upper reaches on neap tides, as well as increased residence time of the 
water to be present (Wooldridge et al., 1989; Hilmer, 1990; Adams & Shaw, 2005). Vertical 
and horizontal salinity gradients, an indication of consistent freshwater input, have been shown 
to result in phytoplankton dominance in the Sundays Estuary (Hilmer & Bate, 1991). However, 
this did not extend to estuaries further west along the south Cape coast, largely due to lower 
nutrient concentrations in these systems (Hilmer & Bate, 1991). The Great Fish Estuary is 
similar to the Sundays Estuary because both estuaries receive consistent river flow from the 
Orange River Trasfer Scheme and as result, phytoplankton contribute more to primary 
production (Allanson & Read, 1987). On the other hand, the Kromme Estuary has been 
deprived of almost all its flow and it is therefore dominated by submerged macrophytes 
(Emmerson & Erasmus, 1987; Adams et al., 1992a; Adams et al., 1992b; Scharler et al., 
1998).  
 
Phytoplankton community composition is influenced by salinity. This is evident during high 
freshwater flows and at the heads of estuaries when freshwater communities dominate, while 
at the mouth and in more saline waters, marine species are dominant. Diatoms are usually the 
dominant phytoplankton group in the lower reaches of estuaries, and dinoflagellates are less 
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abundant and may only be important during some seasons (Day, 1981). Mallin et al. (1993) 
found that cryptophyta (Phylum Cryptophyta) were dominant during increased freshwater input 
whereas diatoms favoured more saline conditions. However, other studies (Lucas, 1986; Snow 
et al., 2000b) have shown diatoms to be associated with freshwater (Table 2.3). Snow et al. 
(2000b) investigated the release of freshwater from the Mpofu Dam into the Kromme Estuary 
and showed that diatoms (Aulacoseira) were the dominant (71 %) phytoplankton group in the 
dam. Similar to this, a bloom (210 µg l-1) of a freshwater diatom, Cyclotella menighiniana, was 
found in the Great Fish Estuary (Lucas, 1986). This study (Lucas, 1986) showed that it is 
possible for high densities of diatoms to be introduced in riverwater and accumulate within the 
estuary.  
 
Hilmer & Bate (1991) showed that phytoplankton species respond to salinity gradients. Stable 
stratified salinity conditions seemed to be favourable for the bloom formation of the red tide 
species of the dinoflagellates (Katodinium rotundatum and Prorocentrum sp.). These were 
found in the Sundays and Gamtoos estuaries. The dinoflagellate blooms in the Sundays 
Estuary collapsed during spring tides due to vertical mixing, which dispersed the salinity 
gradients (Hilmer & Bate, 1991). Dinoflagellates, unlike other phytoplankton groups (e.g. 
diatoms) have been shown to have greater biophysical vulnerability to turbulence and their 
blooms depend greatly on water column stratification (Anderson & Stolzenbach, 1985, 
Smayda, 1997, Estrada & Berdalet, 1998). A study by Adams & Bate (1999) showed that 
flagellates dominated the phytoplankton community composition in most estuaries sampled 
(Berg, Palmiet, Goukou, Gourits, Great Brak, Keurbooms, Gamtoos and Sundays). All of the 
estuaries displayed horizontal and vertical salinity gradients which favoured the accumulation 
of flagellates, since flagellates increase abundance when the water is stratified. 
 
Besides freshwater input and neap-spring tide cycles, wind forcing has been shown to be 
important in the structuring of salinity profiles in shallow estuaries, and these factors also 
control spatial and temporal variability in phytoplankton biomass (Vázquez et al., 1994; Cloern, 
1996; Abreu et al., 2010). This was evident in the Pearl River Estuary (in south coast of China) 
where strong wind event occurred and caused an increase in salinity at the surface than there 
was before the wind event (salinity increased from less than 10 to greater than 20). Residence 
time increased and a phytoplankton bloom developed (Yin et al., 2004). In Quashnet 
River/Estuary (in Falmouth, Massachusetts) wind direction was shown to be the main factor 
controlling mixing and stratification than wind speed (Vázquez et al., 1994). Wind blowing from 
the northeast (downstream) reduced stratification as the more saline bottom waters replaced 
surface waters, which were rapidly flushed out of the estuary by both wind and gravitational 
forces. However, when the wind blew from the southwest (upstream) downstream transport 
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was decreased, and freshwater moved up to the surface waters, gradually increasing 
stratification (Vázquez et al., 1994).  
 
2.2.5. Light 
Light availability determines phytoplankton primary production (MacIntyre & Cullen, 1996; 
Gameiro et al., 2007). Turbid waters interfere with light penetration in the water, and in that 
way reduce the amount of light reaching the bottom, making it less suitable for phytoplankton 
growth (Ohrel & Register, 2006). Turbidity is thought to be a major factor controlling 
phytoplankton production and chlorophyll a distribution in estuaries (Adams & Bate, 1999). 
However, these deductions are based on information obtained from large overseas estuaries 
with horizontal and vertical dimensions larger than those of estuaries in South Africa. 
Phytoplankton primary production in South African estuaries is not affected by turbidity due to 
the shallowness of the estuaries, which suggests that light is not a limiting factor (Grange & 
Allanson, 1995; Adams & Bate, 1999). In the Sundays Estuary light availability plays a minor 
role in the distribution of chlorophyll a and the photic zone extends to the bottom of the 
estuary, even in the very turbid upper reaches (HiImer, 1990). Because South African systems 
are shallow, turbulence generated by tidal movements, results in the cyclical resuspension of 
sedimented phytoplankton into the euphotic layer. Lucas (1986) suggested that the 
phytoplankton populations in the Great Fish Estuary are able to survive and remain productive 
despite the high turbidity because of the above-mentioned mechanism.  
 
2.2.6. Grazing 
Changes in phytoplankton biomass, species composition and seasonal succession are 
sometimes related to changes in zooplankton grazing (Lonsdale et al., 1996, Leising et al., 
2005; Verity & Borkman, 2010) either through selective grazing, or indirectly by enhancing 
competition for resources between algal species (Sterner, 1989). Zooplankton grazing can 
affect species composition as large species such as dinoflagellates are a less desirable food 
source (Moss et al., 1989; Ohrel & Register, 2006).  
 
Microzooplankton generation times are reported to be the same as those of phytoplankton and 
this suggests that they can have a significant impact on phytoplankton biomass (Underwood & 
Kromkamp, 1999). Zooplankton forms an important link between phytoplankton and higher 
trophic levels, and can consume between 30 and 40 % of phytoplankton produced per day 
(Jerling & Wooldridge, 1995a; Jerling & Wooldridge, 1995b). Grazing pressure on 
phytoplankton by zooplankton in the Kromme Estuary was thought to account for the lack of 
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increase in chlorophyll a levels during periods of freshwater inflow (Scharler et al., 1998). 
Similarly, the impact of zooplankton on phytoplankton was very extensive in the Mpenjati and 
Nyara estuaries and contributed to the low chlorophyll a levels (0.5 to 11 µg l-1 in Mpenjati and 
0.007 to 4.1 µg l-1 in Nyara) consistently observed in the water column (Perissinotto et al., 
2003). In Mdloti and Mhlanga estuaries zooplankton grazing was suggested to be a major 
factor controlling phytoplankton species composition and biomass accumulation in the water 
column at these estuaries (Thomas et al., 2005). 
 
Scharler et al. (1998) showed that in the Kromme, Swartkops and Sundays estuaries 
zooplankton populations followed the pattern of phytoplankton abundance, whereby estuaries 
associated with high phytoplankton biomass had high zooplankton. Studies conducted in 
Kasouga (Froneman, 2002a; Froneman, 2000b) and Kariega Estuary (Froneman, 2001) also 
showed that high zooplankton abundance was associated with high phytoplankton biomass. 
Previous studies in the Sundays Estuary (Jerling & Wooldridge, 1995a) during phytoplankton 
bloom conditions showed that the concentration of the phytoplankton was not reduced by 
zooplankton grazing. They recorded phytoplankton blooms throughout the sampling period and 
seasonal trends in chlorophyll a or grazing impact by zooplankton on phytoplankton stocks 
were not evident.  
 
2.3. Phytoplankton blooms and succession 
 
Phytoplankton blooms are complex phenomena that can be caused by both natural and 
anthropogenic factors. The term “bloom” has been used to describe conditions in which a high 
biomass or abundance has already been determined without reference to the conditions that 
lead to that state, which could include advection, growth or accumulation (Carstensen et al., 
2004). A definition of a bloom was given by Richardson (1997) as “the rapid growth of one or 
more species which leads to an increase in the biomass of the species”. Parker (1987) defined 
a bloom as “a deviation from the normal cycle of phytoplankton biomass”.  
 
Blooms may be initiated by changes in density-driven circulation, carrying accumulated 
phytoplankton biomass landward, or by saltwater intrusion allowing germination of 
phytoplankton cysts from the bed (Cloern, 1996). Known biomass of phytoplankton in the 
water column can be determined by the interaction of advection with growth and loss rates of 
phytoplankton. Phytoplankton blooms occur only when the phytoplankton turnover time, 
defined as the ratio of the standing stock to the integral production (Peterson & Festa, 1984; 
Alpine & Cloern, 1992), is shorter than the water residence time (NRC, 2000). When the 
residence time is longer than the turnover time of phytoplankton, phytoplankton has adequate 
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time to assimilate nutrients and accumulate. However, when the water residence time is less 
than or equal to the turnover time, phytoplankton gets flushed from the system before they 
bloom. Algal sedimentation is important in the relationship between water residence time and 
turnover time, for instance, when water residence time is shorter than turnover time, 
phytoplankton biomass can still increase if it settles below the mixing layer before being 
flushed out (Hopkinson, 1995). 
 
The accumulation of phytoplankton biomass (blooms) and the location of blooms, depend on 
suitable environmental conditions [adequate nutrients, increased light intensity, warmer water, 
and minimal predation pressures from zooplankton (Ohrel & Register, 2006)] as these are 
conditions where the net phytoplankton growth is positive. Any abrupt development of a 
species, particularly when it occurs in high densities, clearly shows some ecological change or 
the surpassing of some ecological threshold (Hart & Wragg, 2009). Phytoplankton blooms will 
continue until one or more of the key factors promoting phytoplankton growth are no longer 
available (Ohrel & Register, 2006). Blooms depend on mechanisms that may transport 
phytoplankton during and after growth (Lucas et al., 1999b).  
 
In phytoplankton ecology, it is important to establish and understand factors that regulate 
phytoplankton production (Pennock & Sharp, 1994) and their seasonal succession in aquatic 
ecosystems. Monitoring programmes are important for the collection of long-term 
measurements of biological, chemical and physical variability in order to assess the driving 
factors that generate and support blooms (Carstensen et al., 2004; Abreu et al., 2010). 
However bloom events can be difficult to record as they occur unexpectedly and do not 
coincide with scheduled sampling sessions, and it is also difficult to determine the important 
driving factors because synergistic forces usually occur (Gallegos & Jordan, 2002). Numerical 
models have been used to show the interactions of the major factors controlling phytoplankton 
blooms (Carstensen et al., 2004). Extensive data (such as bathymetrical, meterological, tidal 
and water quality data) is required for most interdisciplinary ecological models. It is for this 
reason that the models are limited in their routine use and their application for management 
purposes (Chan & Hamilton, 2001).  
 
It is not easy to conclude which variable has the most influence on the development of a bloom 
by only monitoring cell density and nutrient data since the differences in phytoplankton cell 
numbers are not only caused by nutrient uptake, but also as an effect of change in climate 
(Kromkamp & Van Engeland, 2010) and physical dispersion (Armi et al., 2009). Climatic 
forcing mechanisms in estuaries are associated with freshwater inflow, which can have an 
effect on other environmental factors (such as turbidity, nutrient concentrations, and water 
residence times) that are important for phytoplankton (Iriarte & Purdie, 2004). Moreover, it 
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must be taken into consideration that factors interacting to support point source biomass 
development where certain species out-compete others are not fully understood and may differ 
for each aquatic system (Horner Rosser, 2004).  
 
Factors can interact together to enable biomass development (Lee et al., 2003; Armi et al., 
2009). However, factors can also act independently and affect biomass (Simoni et al., 2003; 
Mangialajo et al., 2008). Weise et al. (2002) showed that the highest cell concentrations of a 
dinoflagellate species (Alexandrium tamarense) were associated with warm (>12 ºC) and 
brackish (20 - 26 ‰) waters, although most cells occurred in a wide range of temperature and 
salinity ranges (Table 2.3). Alexandrium tamarense was also shown to be initiated by high 
Moise River runoff or heavy rainfall in the summer and autumn. Prolonged periods of weak 
winds (<4 m s-1) were shown to promote the continued development of blooms, whereas >8 m 
s-1 disrupted the bloom. A wind event can disturb the development of the blooms as 
phytoplankton can become mixed to deeper waters and lost upon restratification (Yin et al., 
1996). In the Strait of Georgia Estuary as soon as the bloom started to recover after a wind 
event, a lot of copepods had migrated to the surface layer. Wind and zooplankton grazing were 
concluded to be the main interacting factors that regulated the magnitude and rate of 
development of the spring bloom (Yin et al., 1996).  
 
Phytoplankton blooms are usually initiated when nutrient concentrations exceed limiting levels 
(Lucas et al., 1999a; Hart & Wragg, 2009; Verity & Borkman, 2010; Xu et al., 2010) for 
instance, when pulses of freshwater enter an estuary. Flow rates of 1 m3 s-1 have been found to 
be sufficient for optimal uptake and use of nutrients in the upper reaches (>12 km from the 
mouth) of the Gamtoos Estuary. Phytoplankton and benthic microalgal biomass were also 
highest in the same region at flows of 1 m3 s-1 (Snow et al., 2000a). It must be taken into 
consideration that the effects of freshwater input on phytoplankton are dependent on the 
amount and seasonality of input (Drinkwater, 1986). In the Peel-Harvey estuary system 
(Western Australia), 90 % of river flow occurs during a 3-month winter period. Immediately 
thereafter, diatom blooms were dominated by Cerataulina sp., Skeletonema costatum and 
Chaetoceros sp. and also blooms of Nodularia spumigena in summer (Lukatelich & McComb, 
1986b). During years of low-river flow and reduced nutrient input there were no significant 
phytoplankton blooms. The winter and spring diatom blooms were initiated by nutrient loading 
from rivers and subsequent recycling of nutrients supported Nodularia blooms, which 
weakened with increases in salinity (Lukatelich & McComb, 1986b).  
 
Phytoplankton communities consist of a dynamic and very diverse mixture of species that 
display rapid successional shifts in response to environmental changes (Marshall & Nesius, 
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1996; Gilbert et al., 1995; Gallegos, 1992; Janse van Vuuren & Pieterse, 2005, Marshall et al., 
2009). There is usually a continual change in the dynamics, succession, diversity and 
distribution of phytoplankton populations because of complex interactions between physical, 
chemical and biological variables in the environment (Hallegraeff & Reid, 1986). Community 
composition usually results from the interaction of structuring factors that have changing 
relative strengths (Vanni & Temte, 1990). Phytoplankton succession has also been shown to 
be related to nutrient ratios. This was evident in Guadiana Estuary in south western Iberia 
(Domingues et al., 2005). In early spring, high N:P ratio and Si favoured the occurrence of a 
diatom bloom of Melosira sp. (Table 2.3). This bloom collapsed and an increase in green algal 
abundance was observed later in spring, with low Si and high N:P. Diatom spring bloom 
collapse in other temperate estuaries has also been associated with silica limitation (Fisher et 
al., 1992; Kocum et al., 2002). In the summer when N:P ratio and Si were low, a cyanobacteria 
bloom developed. This included the potentially toxic Microcystis sp. (at 0.2 ‰). This 
succession trend was also observed in a study by Rocha et al., 2002 and Barbosa et al. (2010) 
in Guadiana Estuary and by Lopes et al. (2007) in Ria de Aveiro Estuary (North-West coast of 
Portugal). Maximum growth for cyanobacteria has been observed at temperatures higher than 
for diatoms and green algae.  
 
Flow can be the main cause of phytoplankton succession, as shown in the Swan Estuary 
(Chan & Hamilton, 2001). Freshwater discharge affected residence time available for different 
phytoplankton taxa to grow. Diatoms had the widest range of maximum potential growth rates 
and occurred under a wide range of discharges. Dinoflagellate blooms occurred at very low 
flows, with the associated long residence times providing the time required for cell densities to 
reach bloom levels. Chlorophytes were intermediate in their potential growth rates and were 
restricted to freshwater conditions. Residence time of about 0.3 days was shown to be lower 
than the time required by any phytoplankton taxa to double biomass, therefore resulting in low 
biomass (Chan & Hamilton, 2001).  
 
Phytoplankton succession has been shown to be influenced by seasons (Rocha et al., 2002; 
Barbosa et al., 2010). Cuici et al. (2006) found lower diatom richness index scores in summer 
and autumn, and high richness index of Pyrrophyta occurred during autumn. The seasonal 
changes of species richness were significant. Although the diatoms were the dominant group, 
mostly during summer, the percentage of diatoms (75.8 % of the overall abundance) during 
autumn was lower than during other seasons with more than 90 % of overall abundance (Cuici 
et al., 2006).  
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2.4. Microphytobenthos  
 
Microphytobenthos are microscopic, photosynthetic eukaryotic algae and cyanobacteria that 
live on sediment surface layers (Aberle-Malzahn, 2004). These algal groups are from the 
classes Baccillariophyceae, Chlorophyceae, Dinophyceae, Euglenophyceae, Xanthophyceae 
and the prokaryotic Cyanophyceaea. Benthic microalgae are widespread in estuaries and may 
also inhabit sandy beaches, intertidal mudflats, shallow subtidal substrates, and the salt marsh 
habitats (Pinckney & Zingmark, 1993; Adams & Bate, 1999; Aberle-Malzahn, 2004). The 
chlorophyll a biomass of the microphytobenthos is generally two to three orders of magnitude 
higher than in the adjacent water column (MacIntyre et al., 1996; Adams & Bate, 1999; 
Perissinotto et al. 2000; Aberle-Malzahn, 2004). Even though the microphytobenthos are less 
conspicuous than macroalgae or vascular plants, they play an important role in the primary 
production of littoral zones (Colijn & De Jonge, 1984; Pinckney & Zingmark, 1993; Rodriguez, 
1994; Walker, 2003). Benthic microalgae can account for up to one-half of the primary 
production in estuaries and can increase sediment stability by means of the complex mucus 
polymers they produce, a secondary product of photosynthesis (Miles & Sundbäck, 2000; 
Velasquez, 2005). The taxonomic composition of microphytobenthic groups is strongly related 
to different nutrient levels; hence their general importance as sensitive indicators of water 
quality has been highlighted (Lange-Bertalot, 1979).  
 
Microphytobenthos are often dominated by diatoms (Pomeroy, 1959; Colijn & De Jonge, 1984; 
Pinckney et al., 1994; Rodriguez, 1994; Barranguet et al., 1998; Adams & Bate, 1999). Diatom 
populations consist of pennate, prostrate forms, either epipelic or epipsammic (Round, 1990; 
Underwood, 2001; Aberle-Malzahn, 2004). Epipelic diatoms are biraphidean species which 
actively migrate through the sediment via the secretion of mucilage from their raphe system 
(Underwood, 2001). In contrast, epipsammic diatoms can be monoraphid, biraphid, araphid 
and small sized centric species that grow attached to sediment particles by mucilaginous 
stalks or pads (Round, 1971). The proportion of epipelic diatoms decreases with increasing 
sediment grain size and microphytobenthos assemblages in intertidal sands consist 
predominantly of epipsammic taxa (Underwood & Kromkamp, 1999). The epiphyton or 
periphyton communities have a distinct three-dimensional layer which is usually developed. 
These patterns are missing on microphytobenthic biofilms where only few erect forms are 
present. Hence, microphytobenthos are characterised as a distinctly flat, two-dimensional 
community (Miller et al., 1987, Aberle-Malzahn, 2004).        
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2.4.1. Controlling Factors 
Factors such as grazing (Connor et al., 1982), vertical migration of microalgae (Brotas et al., 
2003), tidal stage, sun angle (Pinckney & Zingmark, 1991), light, temperature (Barranguet et 
al., 1998), sediment type (Skinner et al., 2006; Snow, 2007) and nutrient availability act 
together to produce the high photosynthetic rates observed in benthic microalgae. Exposure, 
light availability and salinity affect distribution and biomass, whereas water currents and 
sediment disturbance control biomass accumulation (Adams & Bate, 1999). The importance of 
these variables may differ between adjacent sites, making it difficult to provide a ranking of the 
importance of the different variables (MacIntyre et al., 1996). Microphytobenthos assemblages 
tend to exhibit a high degree of spatial heterogeneity in species composition and biomass 
(Snow, 2000) and this patchiness has been shown to occur on a scale of micrometers to tens 
of meters (MacIntyre et al., 1996; Underwood and Kromkamp, 1999). It is thus important to 
understand the effects of these factors on microphytobenthos in order to manage aquatic 
ecosystems (MacIntyre et al., 1996). 
 
2.4.2. Nutrients 
Microphytobenthos produce oxygen through primary production, which can have an effect on 
the physical and chemical properties of coastal sediments. This would consequently modify the 
flux of nutrients across the sediment/water interface, the chemical gradients within the 
sediment, and sediment denitrification (Miles & Sundbäck, 2000). The concentration of benthic 
microalgae at the sediment/water interface allows microalgae to take advantage of nutrient 
fluxes regenerated by decomposition of organic matter in the sediments, and the effects of 
benthic microalgae on nutrient fluxes to overlying water has been known to create limiting 
nutrient regimes for planktonic microalgae (Cahoon, 1999). Sediment type has an influence on 
the importance of nutrients to microphytobenthos, i.e. microphytobenthos occupying sediments 
of larger sizes are nutrient limited, but areas of extensive mudflats supporting 
microphytobenthos communities may coincide with regions of high nutrient concentration 
(Underwood & Kromkamp, 1999; Underwood, 2001). Epipelic diatoms are considered not to be 
nutrient limited because they can obtain nutrients from within the sediments and from overlying 
waters (Underwood & Kromkamp, 1999). 
 
Although benthic microalgal biomass increases with an increase in riverine nutrient input, they 
can be eventually shaded out by phytoplankton blooms. However, even under conditions of 
low nutrient availability in the water column, benthic microalgae can survive by benefiting from 
the relatively high nutrient concentrations in the porewater of sediment (Meyercordt & Meyer-
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Reil, 1999). This shows that water column nutrients usually have no direct relation to benthic 
microalgal biomass. However, nutrients may be important in determining species composition 
(Underwood & Kromkamp 1999).  
 
2.4.3. Sediment  
High microphytobenthos biomass has been shown to be supported by conditions that favour 
the accumulation of fine sediment (<125 µm) and organic material in estuarine sediments 
(McIntire & Amspoker, 1986; Skinner et al., 2006; Snow, 2007; Du et al., 2009). Such 
conditions include reduced river flow through increased abstraction and the impoundment of 
rivers which decrease the frequency and intensity of floods (Snow, 2007). However, different 
relationships have been found between sediment grain size and benthic microalgal biomass. 
Some studies have recorded negative relationships (Riznyk & Phinney, 1972; Colijn & 
Dijkema, 1981; Davis & McIntire, 1983; Shaffer & Onuf, 1983; Fielding et al., 1988). Other 
studies have found positive relationships (McIntire & Amspoker, 1986) as well as no clear 
relationships (Cammen, 1982). 
 
Sediment size has been found to influence the fraction of microalgal assemblages that are 
motile and therefore capable of vertical migration (Miles & Sundbäck, 2000). Epipelic diatoms 
which are motile dominate the finer muddier sediments of tidal mudflats, while non-migrating 
epipsammic diatoms and cyanobacteria are dominant in sandier sediments (Stal, 2003; Du et 
al., 2009). Benthic microalgal production in mud can be twice that of sand populations 
(Pinckney & Zingmark, 1993; Adams & Bate, 1999). It has been shown that diatoms attach 
more easily to mud than to sand because of the cohesive environment that mud provides (De 
Jonge, 1985). Turbid conditions and reduced light penetration to the sediment during tidal 
immersion causes benthic microalgae to migrate to the sediment surface resulting in high cell 
density and chlorophyll a concentration (Underwood & Kromkamp, 1999).  
 
The importance of nutrients to microphytobenthos depends on the type of sediment (Walker, 
2003). Fine cohesive estuarine sediments have high organic matter and high rates of bacterial 
mineralization and porewater concentrations of dissolved nutrients, whereas sandflats are 
oligotrophic (Underwood & Kromkamp, 1999; Snow, 2000). Benthic diatoms inhibiting 
sediments of a larger grain size are thus more likely to be nutrient limited (Underwood & 
Kromkamp, 1999).  
 
Generally, in terms of distribution of sediment in an estuary, coarse/medium sand is found in 
the lower reaches and silt/clay/mud in the middle to upper reaches for both permanently open 
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and temporarily open/closed estuaries (Day, 1981). Riverine and marine input have an 
influence on the distribution of sediment size fractions through an estuary (Reddering & Rust, 
1990; Cooper et al., 1999). Sediment brought in by wind may also control sediment size 
fractions. In the Kwelera Estuary the distribution of benthic biomass was shown to be strongly 
influenced by the position along the longitudinal gradient (Walker, 2003). The more turbulent 
hydrological conditions and loose sediment found in the mouth area restricted the development 
of microphytobenthos biomass and low levels of chlorophyll a (mean of 12 to 15 mg m-2) were 
consistently recorded from sandy sediments near the mouth, while higher concentrations 
(mean of 40 to 53 mg m-2) where found in muddier sites. Contrary to this, benthic microalgal 
biomass was higher in sandy sediments in the Swartkops (Rodriguez, 1994) and Qinira 
(Walker, 2003) estuaries. It can therefore be concluded that the level of exposure has an 
influence on benthic microalgae since microalgae in the Swartkops and Qinira estuaries were 
found in areas where there was low tidal action, making the sediment stable and allowing for 
an accumulation of microphytobenthos biomass (Walker, 2003). Adams & Bate, 1994a; Adams 
& Bate (1999) and Nozais et al. (2001) showed microphytobenthos biomass in South African 
estuaries to be higher (0.8 to 368.9 µg g-1) in temporarily open/closed estuaries than in 
permanently open ones (3.7 to 164.7 µg g-1; Adams & Bate, 1999) because of the more stable 
sediments, low turbidity and current levels during closed mouth conditions.  
 
Microphytobenthos are important for sediment stabilisation in turbulent areas of some 
estuaries and intertidal zones (Pinckney & Zingmark, 1993; Underwood et al., 1995; MacIntyre 
et al., 1996; Miller et al., 1996; Widdows & Brinsley, 2002). This is caused by Extracellular 
Polymeric Substances (EPS) secreted by the microphytobenthos into the sediment. Sediment 
stabilisation in turn prevents microphytobenthos from being resuspended into the water column 
(Lukatelich & McComb, 1986a, Facca et al., 2002) and also reduces particulate matter from 
being resuspended during periods of increased turbulence. 
 
2.4.4. Salinity 
Salinity influences microphytobenthos species distribution (Van Dam et al., 1994; Watt, 1998), 
with a difference between brackish water and marine species. The diatom composition of 
microphytobenthic mats changes seasonally and spatially within estuaries. Spatial changes 
are generally related to the salinity gradients within estuaries and its associated nutrient status. 
Furthermore, patterns in salinity vary with nutrient concentrations and loads (Underwood et al., 
1998; Ribeiro et al., 2003), which can make it difficult to separate out the effect of each 
variable although multivariate analyses have been used for this purpose. Minne (2003) showed 
that ammonium and salinity had significant effects on the distribution of diatoms, whereas 
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soluble reactive phosphorus and nitrate had no effect in a number of Eastern and Western 
Cape estuaries. In the Great Fish Estuary, diatom species were associated with low salinity 
whereas in the Breede, Bushmans, Kowie, Mpekweni and Swartkops estuaries diatoms were 
associated with high salinity (Minne, 2003). Similarly, Underwood et al. (1998) showed a 
relationship between the distribution patterns of epipelic diatom taxa with salinity and nutrient 
gradients, mainly ammonium, in the Colne Estuary. Navicula phyllepta and Navicula gregaria 
were abundant at the meso- and oligohaline sites respectively and Pleurosigma angulatum 
and Plagiotropis vitrea were found at the polyhaline sites. Species that were found at the 
seaward end were Nitzschia frustulum, Cylindrotheca signata and Navicula pargemina 
(Underwood et al., 1998). 
 
2.4.5. Light 
Despite the many factors that affect microphytobenthos primary production, research suggests 
that the main limiting factors are the availability of nutrients and light (Velasquez, 2005). Light, 
is however, considered to be the prevailing environmental factor because it is best understood 
(Barranguet et al., 1998; Aberle-Malzahn, 2004, Velasquez, 2005). Underwood & Kromkamp 
(1999) found that diatoms tend to dominate in highly turbid estuaries throughout the year 
because of their ability to cope with low light conditions. In fresh and marine water sediments, 
benthic microalgae are found at depths shallow enough to allow adequate light to reach the 
sediment surface. Approximately 1 % of the surface incident radiation is essential to support 
benthic primary production (Velasquez, 2005). The distribution of benthic microalgae is limited 
to the fairly thin surface layer of the sediment at the sediment-water interface because the 
penetration of light is largely confined to the upper 0.2 - 2 mm (Wolff, 1979, MacIntyre et al., 
1996, Aberle-Malzahn, 2004). Thus benthic microalgal primary production is mainly carried out 
in a biofilm at the surface of the sediment throughout daytime emersion periods (Guarini et al., 
2002). The biomass rapidly reaches a saturation value at the commencement of each daytime 
emersion period (Guarini et al., 2000) indicating that microphytobenthos are mostly regulated 
by variations in light exposure. Turbidity, as a result of overcast skies in winter, or dull 
summers and sediment resuspension, can cause a reduction in microphytobenthos biomass 
and productivity due to a decrease in light availability (MacIntyre & Cullen, 1996).  
 
2.4.6. Grazing  
Stable isotope investigations have demonstrated that microphytobenthos and phytoplankton 
are often the major food sources for a wide range of animals including nekton, plankton, and 
benthos (Miller et al., 1996; Kibrige et al., 2002; Kibrige et al., 2003). The impact of grazing on 
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microphytobenthos biomass depends on the abundance and distribution of deposit feeders, as 
well as on the growth and transport of microphytobenthos. The resuspension of sediment 
makes the microphytobenthos available to facultative and obligate suspension feeders 
(MacIntyre et al., 1996; Miller et al., 1996).   
 
Microphytobenthos are an important food source for meiofauna in intertidal environments 
lacking emergent vegetation (Montagna, 1984; Decho, 1986; Montagna et al., 1995; Goldfinch 
& Carman, 2000; Moens et al., 2002; Pinckney et al., 2003; Nozais et al., 2005). Meiofauna 
increased their grazing rates as microphytobenthos biomass increased, removing more 
biomass per unit time (Montagna et al., 1995). In the temporarily open/closed Nyara Estuary, 
the high zooplankton biomass found during the closed phase was believed to be maintained by 
high microphytobenthic chlorophyll a concentrations (Perissinotto et al., 2000). Although 
various studies have shown that grazing can significantly reduce biomass of estuarine 
microphytobenthos (Sullivan & Currin, 2000), comprehensive grazing studies focussing on 
species composition are lacking (Underwood & Barnett, 2006). The absence of grazing 
pressure can cause an increase in microphytobenthic biomass. This was observed in the 
Nakdong River Estuary where dense biofilms were observed in muddy sediments (Du et al., 
2009). This was related to the absence of the polychaete Hediste japonica which was 
considered to be the main consumer of microphytobenthos (Kang et al., 2007). 
 
2.5. Biomonitoring 
 
Biological monitoring methods have been used as part of routine monitoring programmes 
because of several limitations experienced when using standard physical and chemical 
methods (de la Rey et al., 2004). Physical and chemical monitoring reflect only instantaneous 
measurements, restricting the knowledge of water conditions to the moment when the 
measurements were recorded (Salomoni et al., 2006). Since biological indicators respond to 
altered physical and chemical conditions that may not have been measured (Ohrel & Register, 
2006), these indicators provide a combined assessment of environmental conditions in aquatic 
systems that are spatially and temporally highly variable (Stevenson & Pan, 1999). It seems 
sensible to monitor aquatic biota since it is difficult and costly to chemically analyse every 
potential pollutant in a sample of water and also interpret the results in terms of impact severity 
(de la Rey et al., 2004).  
 
Basically with biological monitoring, organisms that have continuous exposure to pollutants are 
examined. This, therefore, means that species found in aquatic ecosystems indicate the water 
quality in the system for both the present and from the past and in this manner, disturbances 
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that might be missed are detected (Eekhout et al., 1996). Aquatic plants and animals integrate 
and indicate the impacts of chemical and physical disturbances that occur over long periods of 
time. Because biological communities reflect the ecological integrity as a whole by 
incorporating a range of disturbances, they provide a holistic and integrated measure of the 
overall aquatic ecosystem health (Chutter, 1998).   
 
In South Africa biomonitoring was introduced as part of routine management of South Africa’s 
inland waters since 1996 (Hohls, 1996) though methods have been used for many years 
elsewhere. Various methods have been developed for the biomonitoring of the integrity of 
aquatic systems with some based on one or certain characteristics of particular species, but 
most of the methods are based on the characteristics of groups of organisms like fish, algae or 
invertebrates (de la Rey et al., 2004). It is advisable to monitor different taxonomic groups 
since it is not easy to detect the diversity of environmental perturbations associated with 
human activities from only one group of organisms. This has been shown by the interpretable 
indications of diatoms to specific changes in water quality (Kwandrans et al., 1998) while fish 
and invertebrate communities better indicate changes in the physical habitat (McCormick & 
Cairns, 1994).  
 
In order to assess the long-term effects of human activities on both aquatic and terrestrial 
ecosystems, long-term monitoring of specific habitats as well as analysis of diatom remains 
can give a unique long-term historical viewpoint on the ecosystems (Charles & Kociolek, 
1995). Diatoms have great value as powerful indicators of water quality because they respond 
directly and sensitively to many physical, chemical and biological changes in aquatic 
ecosystems. Diatoms have the shortest generation times of all biological indicators and 
reproduce and respond rapidly to environmental change as well as providing early warning 
indicators of both pollution increases and habitat restoration (Harding et.al, 2004). Diatoms can 
be sampled at most times of the year since they can be found on substrata in streams, even 
when these are dry (Stevenson & Pan, 1999). The use of diatoms has been supported by the 
attributes identified by Schoeman & Hayworth (1984) because of their ease of collection and 
preparation for observation and storage for reference purposes; the considerable amount of 
tried and tested ecologically-associative information that is already available, both nationally 
and world-wide, and their suitability for diversity analysis. Diatoms in South African rivers have 
been studied since the 1950’s and studies by Archibald (1972) and Schoeman (1979) were 
conducted with the purpose of relating diatoms to water quality. Following these studies, van 
der Molen (2000); Bate et al. (2002a); Minne (2003); Bate et al. (2004); Taylor et al. (2005); 
Taylor et al. (2007a); Taylor et al. (2007b) and also looked at the use of diatoms as indicators 
in South African river and estuarine systems. Due to the lack of conventional and standardised 
  
 
methods for monitoring with diatoms, the use of this group for monitoring in our rivers and 
estuaries is limited (van der Molen, 2000), but diatom indices unique to South Africa are 
currently being developed. 
 
3. STUDY SITE  
The Sundays River originates from the Compassberg Mountains and flows in a south to south-
easterly direction. It passes through Graaff Reinet, Kirkwood and Addo in the fertile Sundays 
River Valley (Jerling, 1993). The Sundays River basin receives water from the Orange River 
transfer scheme. The river empties into the Indian Ocean at Algoa Bay, north east of Port 
Elizabeth through the Sundays Estuary (33º 43' S; 25º 51' E) and is permanently open to the 
sea (Figure 3.1). The estuary experiences strong inputs of freshwater, with large supplies of 
nutrients, and for this reason has a water column based food web (Wooldridge and Bailey, 
1982; Adams & Wooldridge, 1996). However, Scharler & Baird (2005) showed that benthic 
biota (such as microalgae and invertebrate macrozoobenthos) contributed more carbon to the 
system than water column biota. The estuary has an intertidal zone mostly less than 5 - 6 m in 
width (Reddering & Esterhuysen, 1981) and there are no extensive intertidal sand banks, mud 
flats or salt marshes.   
Figure 3.1. The Sundays Estu
distances of the sampling site34 
 
 
ary and its location along the east coast of South Africa, showing 
s (km from the mouth). 
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3.1. Catchment 
 
The catchment area of the 481 km long Sundays River is approximately 20 990 km2 (DEA, 
2008). The main agricultural activities include sheep farming and citrus cultivation. 
Approximately 3 % of the catchment land-cover in the Sunday’s system is under agriculture, 
and it is mostly temporary commercial dryland agriculture, temporary commercial irrigated 
agriculture, grassland, and commercial forestry (DEA, 2008). Approximately 3 % of the 
catchment is comprised of degraded shrubland and bushland. Shrubland, bushland and 
grassland make up most of the natural vegetation (94 %) in the Sundays catchment. Less than 
1 % of the catchment is urban and consists mainly of residential development and some 
industry. Graaff-Reinet is the only major town in the Sundays catchment, located in the upper 
catchment, with smaller towns such as Kirkwood, Jansenville and Pearston occurring in the 
middle to upper catchment (DEA, 2008).  
 
3.2. Flow   
 
The freshwater flow into the Sundays River is about 0.4 - 1 m3 s-1, which is fairly low but it is 
consistent (MacKay, 1988; Hilmer, 1990) and this is attributable to the interbasin transfer of 
water from the Orange River system and the continuous input of agricultural return flow. This 
has resulted in an elevated baseflow in the Sundays Estuary (Adams & Shaw, 2005). Scharler 
& Baird (2003) recorded a mean flow rate of 2.74 m3 s-1. Four distinct abiotic states were 
identified for different flow ranges for the Sundays Estuary as part of a Department of Water 
Affairs environmental water requirement (Resource Directed Measures) study. These 
relationships were based on historical data for the Sundays Estuary (Table 3.1). 
 
Water transferred from the Orange River via the Fish River as part of the interbasin transfer 
scheme has greatly affected the hydrology of the Sundays Estuary. Under present conditions 
the marine dominated state no longer occurs. Regular high base flow ensures that the 
Sundays Estuary remains mostly in the Large Transition State (Table 3.1). Under natural or 
reference conditions the estuary would vary seasonally between the Large Transition State 
(October to April) and the Marine Dominated State (May to September), with seasonal peaks 
as flood events during February to April (Taljaard et al., 2008). 
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Table 3.1. Characteristic abiotic states in the Sundays Estuary (from Taljaard et al., 2008). 
 
State Name of abiotic state Average Monthly Flow (m3 s-1) 
1 Freshwater dominated (estuary fresh throughout) that reverts back to a Small 
transition condition after the event 
 
>15 
2 Large transition condition (strong freshwater front present in middle and part of 
lower reaches) reverts back to a Small transition condition after the event 
 
2 - 5 
3 Small transition (freshwater front present in upper and middle reaches) 
 
0.5 - 2 
4 Marine dominated (freshwater influence limited to very upper reaches 
 
<0.5 
5 Closed mouth <0.5 for 6 months 
 
 
 
3.3. Hydrodynamics 
 
A circulation model was proposed for the estuary by MacKay (1988). The estuary was divided 
into four different regions based on the distribution and mixing of the river water and the 
seawater (hydrology). The section of the estuary closest to the mouth is completely mixed 
(MacKay, 1988; Wooldridge et al., 1989; Jerling, 1993; Adams & Bate, 1996) and no 
stratification has been observed (MacKay, 1988). From 3 to 10 km from the mouth, there is a 
variation between completely mixed to stratified conditions, with residence time of 3 tidal 
cycles in spring tides and 7.5 at neap tides. The next 10 to 20 km from the mouth is a mixture 
zone and might be highly stratified (MacKay, 1988) with residence times of 2.5 tidal cycles at 
spring tides and 5.5 at neap tides and the setting up of a semi-closed circulation. The fourth 
region, which is 20 to 25 km from the mouth of the estuary, has been found to be completely 
riverine and flowing towards the sea at all depths.  
 
3.4. Temperature 
 
Temperatures are uniform throughout the estuary (Wooldridge & Bailey, 1982; Mackay, 1988) 
with temperatures of 16 - 18 ºC during winter and 20 - 23 ºC in summer (Scharler, 2000). 
Emmerson (1989) recorded a temperature range between 11 and 26 ºC from 1980 to 1982 
while temperatures of 16 - 18 ºC during winter and 20 - 23 ºC in summer. Temperature in the 
estuary has been shown to display strong seasonal patterns, following typical seasonal trends 
in atmospheric temperature, i.e. warmer summer (20 - 27 ºC) and cooler winter (11 - 18 ºC) 
temperatures. 
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3.5. pH 
 
Emmerson (1989), Scharler et al. (1998) and Scharler (2000) recorded an overall mean pH of 
8.2 and 8.1 respectively for the estuary. Data collected from the Sundays River at the Addo 
Drift East/Addo Bridge DWA (Department of Water Affairs) Station (N4H003Q01: 33° 34’ 53’’, 
25° 40’ 28’’) from 1989 to 2008 also showed levels consistently higher than 8 (average 8.4). 
These values for the Sundays River were attributed to high total dissolved solid concentrations 
that maintained alkaline conditions (Emmerson, 1989). However it was unclear from the 
available data if the high total dissolved solid concentrations were due to anthropogenic inputs 
or a natural feature.  
3.6. Dissolved oxygen  
 
The Sundays Estuary exhibits stratified dissolved oxygen (DO) concentrations. Past data show 
that the Sundays Estuary was generally well-oxygenated. An average DO concentration of 7.7 
mg l-1 was measured by Emmerson (1989), with ranges between 5.2 and 10.8 mg l-1. 
Concentrations were found to be higher during winter than during summer due to DO being 
more soluble in cold water than warm water. The lowest DO concentrations were measured in 
the middle reaches of the estuary during summer. Scharler et al. (1998) showed a decreasing 
trend of DO concentration whereby concentrations of 8.3 mg l-1, 7.1 mg l-1 and 6.9 mg l-1 were 
measured from the lower, middle and upper estuary respectively. The lower concentration in 
the upper estuary was due to a relatively low DO concentration in river inflow (6.8 mg l-1) 
because of low river turbulence entering the estuary. The Sundays Estuary was found to be 
less oxygenated than systems such as the Swartkops and Kromme estuaries, because 
freshwater inputs were less turbulent than in the latter two estuaries (Scharler et al. 1998).  
 
Although the Sundays Estuary is generally well oxygenated (>4 mg l-1), recent data have 
shown that during low flow periods in summer bottom water in the middle estuary can 
occasionally become hypoxic because of strong vertical stratification, long residence time and 
high water temperature (Taljaard et al., 2008). The dense macrophyte beds and/or 
phytoplankton blooms that have been recently observed and which usually occur in the middle 
and upper estuary due to anthropogenic nutrient enrichment can also result in DO 
concentrations becoming super-saturated during the day (Taljaard et al., 2008).  
 
Whitfield & Paterson (1995) recorded a large fish kill in the estuary. The fish kill was attributed 
to a major river flood that resulted in the exposure of anoxic sediments and caused extremely 
high silt loads to be suspended in the water column. The combination of low dissolved oxygen 
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concentrations and clogging of the gills of fishes by silt particles was probably the primary 
cause of fish mortalities.  
 
3.7. Salinity   
 
In the Sundays Estuary vertical salinity stratification develops during neap tides, increasing the 
residence time of the water and providing ideal conditions for phytoplankton to develop 
(Adams & Wooldridge, 1996). Salinity is expressed as parts per thousand salinity units (ppt or 
‰) and the salinity gradient of the estuary ranges from 2 at the head to 27 ‰ at the mouth 
(Wooldridge, 1996). Variations in the horizontal salinity gradient during summer and winter 
have been found to be 26.8 and 28.3 ‰ in the lower reaches, 14.6 and 17.9 ‰ in the middle 
reaches, and 3.8 and 6.7 ‰ in the upper reaches, respectively (Scharler et al., 1998). Salinity 
stratification was reported to be highest in the middle reaches of the estuary (Wooldridge & 
Bailey, 1982; Emmerson, 1989; Hilmer & Bate, 1990; MacKay & Schumann, 1990). 
Continuous freshwater inflow into the estuary and an open mouth provides constant 
stratification in the Sundays Estuary. 
 
3.8. Water quality variables 
 
The water quality of the estuary is affected by several factors. The input of freshwater from the 
Orange River transfer scheme into the Sundays River and the Sundays citrus valley influences 
the health of the estuary because of the poor quality of water flowing in. Turbidity is expressed 
as Nephelometric Turbidity Units (NTU) and the water in the Sundays Estuary is turbid 
(~10 NTU) and markedly higher in the fresher upper reaches (<4 ‰) with levels of 12.5 - 29.7 
NTU.   
 
The river water has high nutrient concentrations from the agricultural return flow from the citrus 
farming (Volschenk et al., 2005). Nitrite, nitrate, ammonium and soluble reactive phosphorus 
displayed a typical decreasing gradient towards the mouth of the estuary (Watling, 1981; 
Emmerson, 1989; Hilmer, 1990; Scharler et al. 1998). Nutrient levels were found to decrease 
from the surface to the bottom layers (Watling, 1981).  
 
Nitrate and ammonium concentrations in the Sundays Estuary have been determined to be 
higher (35.3 and 7.2 µM respectively) than in the Swartkops (13.7 and 7.1 µM) and Kromme 
(8.8 and 5.5 µM) estuaries (Scharler et al., 1998) and as a result contribute to the high 
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phytoplankton biomass (Hilmer, 1990). The Sundays Estuary had an overall N:P ratio of 3.25:1 
which is higher than N:P ratios of 1.12:1 for Swartkops and 0.8:1 for Kromme (Emmerson, 
1989). The N:P ratios decreased from the upper reaches to the lower reaches of the Sundays 
Estuary and the ratios for the head and the mouth regions were 4.52:1 and 2.51:1 respectively 
(Emmerson, 1989). Harrison et al. (1996) classed the Sundays Estuary, in terms of water 
quality, as good with moderate impairment caused by slightly depressed dissolved oxygen, 
elevated bottom soluble reactive phosphorus and some evidence of E. coli.  
 
3.9. Microalgae 
 
Phytoplankton in the Sundays Estuary was first investigated by Archibald (1981) with the focus 
on the taxonomy of diatoms and then by Hilmer (1990). Microalgae contribute up to 95 % of 
primary production due to the absence of suitable habitats for macrophytes (Adams & Bate, 
1996). The recurrent formation and decay of flagellate blooms are closely related to the spring-
neap tide cycle. Blooms form when semi-closed circulation increases the residence time of the 
water during stratified periods, usually at neap tides (Hilmer, 1990). Phytoplankton blooms 
have been recorded in the upper reaches of the estuary, when there was a water residence 
time of 7 neap tidal cycles and 3 spring tidal cycles (MacKay & Schumann, 1990). These 
stable, calm conditions are favourable for phytoplankton bloom formation as phytoplankton 
were able to take up the nutrients and increase in biomass. However, during spring tides 
phytoplankton biomass is reduced due to mixing of the water column (Hilmer, 1990).  
 
Phytoplankton from groups such as flagellates, dinoflagellates, and euglenoids have been 
recorded in the Sundays Estuary (Hilmer, 1990; Adams & Bate, 1996). Although diatom 
species have been shown to be continually present, they occur at low densities (Hilmer, 1990; 
Archibald, 1981), but high densities have been recorded after flooding events (Jerling, 1993). 
Dinoflagellates were found to be the dominant phytoplankton community (Hilmer, 1990; 
Jerling, 1993) particularly in the vertically stratified middle reaches of the estuary and 
cyanophytes have only been recorded in the upper half of the estuary (Hilmer, 1990; Archibald, 
1981). Hilmer (1990) listed phytoplankton species that were identified from the Sundays 
Estuary (Table 3.2). Most blooms were caused by the dinoflagellate Katodinium rotundatum 
and a chlorophyte Micromonas pusilla (Hilmer, 1990).  
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Table 3.2. Selected phytoplankton species and taxonomic groups commonly encountered in 
the Sundays Estuary (from Hilmer, 1990). 
 
General 
taxonomic group 
Species  Present in blooms 
Diatoms 
Nitzschia sp.  
Navicula sp. 
x 
x 
Dinoflagellates 
Katodinium rotundatum 
Peridinium sp. 
ü 
x 
Euglenoids 
Euglena sp. 
Eutreptiella gymnastica 
x 
ü 
Chlorophytes 
Ankistrodesmus sp. 
Scenedesmus sp. 
Pyramimonas cirolanae 
Pyramimonas disomata 
Micromonas pusilla 
x 
x 
x 
x 
ü 
Raphidophytes Heterosigma akashiwo ü 
Cyanophytes Merismopedia sp. x 
 
4. MATERIALS AND METHODS 
 
Samples were collected on 19 February, 3 June and 16 August 2008 in order to cover a range 
of freshwater inflow scenarios. There were seven sites in total, which were 0.2, 3.8, 8.0, 9.9, 
12.5, 16.3 and 21.9 km from the mouth (Figure 3.1). Data sets from previous research 
(conducted on 17 August 2006 and 29 March 2007) similar to this study were incorporated with 
the current study. 
 
For the weekly study samples were collected on 13, 19, 26 March, then 2 and 9 April 2009 
(referred to as Weeks 1 - 5) from approximately 9:00 to 14:00 at five sites along the Sundays 
Estuary. The sites were situated 3.8, 8, 9.9, 12.5 and 16.3 km from the mouth. Spring tides 
occurred in Weeks 1, 3 and 5 and sampling started during the ebbing tide on these dates at 
approximately 9:00. Neap tides occurred during Weeks 2 and 4 and sampling started during 
the flooding tide. Climate data including wind speed, tidal elevation, rainfall and flow data from 
Port Elizabeth harbour for the duration of the study were obtained from Weather SA.  
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4.1. Water quality variables  
 
At each site, light was measured using a LI-Cor LI-1000 light  meter with a Li-Cor SPQA 0994 
spherical sensor and water transparency was determined using a Secchi disc. Water quality 
variables including temperature, salinity, pH were recorded at each site using a 650 MDS YSI 
multiprobe.  
 
Water samples from the surface and bottom depths at each site were collected for nutrient 
analyses, and were filtered with a 0.45 µM pore size syringe through Millipore filters (Millex-HV 
Hydrophilic PVDF) then stored in polyethylene sampling bottles. Samples were stored in a 
cooler box in the field and stored in a freezer until further analysis. Samples were sent to the 
Council for Scientific and Industrial Research (CSIR) in Stellenbosch and analysed by 
accredited analytical laboratories using an Auto-analyser (detection limits for dissolved nitrate, 
nitrite, total ammonium, soluble reactive phosphorus (SRP) and dissolved reactive silicate: 10 
µg l-1) according to the methods described in CSIR (2002). 
 
There were severe limitations with reference to estimating the effect of river flow on the 
estuary. There is no gauging station near the head of the estuary and there is a large irrigation 
scheme between the existing gauging station and the head of the estuary. The closest station 
N4H003 (Sondags River at Addo Drift East), which is approximately 35 km upstream from the 
mouth of the 21 km long estuary, was discontinued in 1997. Hence, daily and monthly flow rate 
data for 2006, 2007 and 2008 were obtained from station N4H005 (Coerney River at 
Selbourne/Carlton) which is approximately 46 km from the mouth. The location of this flow 
gauging station could have resulted in the underestimation of flow data presented in the 
results. 
 
4.2. Sediment particle size 
 
The method for analysing particle size distribution was adapted from methods described by 
Dalsgaard et al. (2000). The remaining sediment samples used for benthic identification were 
used for sediment particle size analysis. The sediment samples were dried at 105 ºC to 
constant mass. Samples were disaggregated using a mortar and pestle before being shaken 
through a series of steel mesh sieves with mesh apertures of 500, 250, 125 and 63 µm 
corresponding to coarse sand, fine sand, silt and fine silt fractions respectively (Nedwell et al., 
1993). Each fractionated sediment size-class was weighed and the dry mass of each fraction 
was expressed as a percentage of the total (Sage, 1995).  
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4.3. Sediment ash-free dry weight (AFDW) 
 
The ash-free dry weight procedure was adapted from methods described by Black (1965) and 
Briggs (1977). Samples of sediment used for benthic diatom identification were used for ash-
free dry weight. Approximately 10 g of wet sediments were weighed and put into pre-dried (24 
hours at 105 ºC) and pre-weighed crucibles. The sediment samples were dried in the oven for 
24 hours at 105 ºC and weighed again to determine dry weight. The crucibles were placed into 
a furnace at 550 ºC for two hours and weighed again to determine ash-free dry weight. 
 
4.4. Phytoplankton biomass (chlorophyll a) 
 
Water samples for chlorophyll a measurements were collected using a 500 ml pop-bottle at the 
surface (0 m), 0.5, 1, 2, 3 and 4 m (if possible) depths. The samples were gravity-filtered 
through Whatman GF/C filters. The filter papers were placed into glass vials containing 10 ml 
of 95 % ethanol (Merck 4111) and left overnight for chlorophyll a extraction at 1 - 2 ºC. After 
extraction, chlorophyll a spectrophotometric determinations were carried out according to 
Nusch (1980). Absorbances, before and after acidification of the extracts with 0.1 N HCl, were 
read using a UV/VIS spectrophotometer at 665 nm.  
 
For the weekly study size fractionated chlorophyll a was measured. Phytoplankton samples 
were size fractionated by serially filtering through a 20 µm nitex screen mesh (microplankton), 
2.7 - 20 µm Whatman GF/D filter paper (nanoplankton) and finally through a 0.7 - 2.7 µm 
Whatman GF/F filter paper (picoplankton). During this study a maximum acid ratio of 1.7 was 
used instead of an after acid reading. 
 
Chlorophyll a was calculated using the equation below:  
Chl a biomass (µg l-1) = (Eb665 - Ea665) x 29. 6 x (v/(V x l)) 
where: 
Eb665 = absorbance at 665 nm before acidification 
Ea665 = absorbance at 665 nm after acidification  
v = volume of solvent used for the extraction (ml) 
V = volume of the sample filtered (l) 
l = path of spectrophotometer cuvette (cm) 
 
For the weekly study: Chlorophyll a biomass (µg l-1) = (Eb665 – (Eb665/1.7)) x 29. 6 x (v/V) 
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4.5. Phytoplankton community composition 
 
Water samples for phytoplankton enumeration and identification were collected at the surface, 
0.5, 1 and 2 m and were preserved with 1.5 ml of 1% (v/v) glutaraldehyde. Eight drops of Rose 
Bengal were added to 60 ml of the samples and the samples were put into Utermohl settling 
chambers and allowed to settle for 24 hours. Counts and identification of microalgal groups 
(i.e. flagellates, dinoflagellates, diatoms and blue-green algae) were performed using the Zeiss 
IM 35 inverted microscope at 630x magnification. The number of phytoplankton cells from the 
field of view was calculated using the equation below (Snow, 2007): 
 
Cells ml-1 = ((л r2)/A) x C/V 
where: 
A = area of each frame (mm2) 
C = number of cells in each frame 
V = volume of sample in settling chamber (ml) 
 
4.6. Benthic microalgal biomass (chlorophyll a) 
 
Four replicate intertidal and subtidal benthic samples were collected from each site. Intertidal 
samples from the uppermost two sites of the estuary were not collected due to the steepness 
of the banks. The surface sediment (<2 mm depth and 20 mm premarked area) was scraped 
just above the estuarine water level at low tide for intertidal samples. Subtidal samples were 
collected from each site using a 20 mm internal diameter corer attached to an extension pole 
and the surface sediment was scraped from the core. The intertidal and subtidal samples were 
stored in vials in the cooler box until they could be frozen. The samples were freeze-dried and 
approximately 0.2 g was added to 4 ml of 95 % ethanol (Merck 4111) then stored for 24 hours 
at 0 ºC. After the chlorophyll a extraction, the samples were filtered through Whatman GF/C 
filters and the extracts were analysed before and after the addition of two drops of 0.1 N HCl 
using a spectrophotometer at 665 nm. The benthic microalgal biomass was calculated using 
the formula below:  
 
Chl-a biomass (µg g-1) = (Eb665 - Ea665) x 29. 6 x (v/(m x l)) 
where: 
Eb665 = absorbance at 665 nm before acidification 
Ea665 = absorbance at 665 nm after acidification 
29.6 = constant calculated from the maximum acid ratio (1.7) and the specific 
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absorption coefficient of chlorophyll a in ethanol (82 g l-1 cm-1) 
v = volume of solvent used for the extraction (ml) 
m = mass of the sample (g) 
l = path of spectrophotometer cuvette (cm)  
 
For the weekly study only subtidal benthic biomass was measured as the objective of this 
study was to investigate the deposition of water column microalgae. 
 
4.7. Benthic community composition identification 
4.7.1. Diatom composition 
Benthic samples were collected according to methods described by Round (1981) and Bate et 
al. (2004). Samples were collected using a length of aluminium piping (~5 mm internal 
diameter) that was drawn across the sediment and allowed to fill with a mixture of water and 
surface sediment. The collection process was repeated about five times in different micro-
habitats. The mixture was stored in a plastic container (250 ml). In the laboratory, some of the 
settled material was placed in a Petri-dish in the light and five glass coverslips were placed on 
top of the wet sediment. One hour later, the coverslips were carefully removed with as little 
sediment as possible. This was done to collect only living diatom cells that had attached to the 
coverslips. The five coverslips from each sample were placed in glass bottles. To each glass 
bottle with the coverslips, 10 ml of saturated KMnO4 and 10 ml of 10 M HCl were added. The 
mixture was heated on a hot plate at 60 ºC until the solution became clear in colour. All 
samples were allowed to cool and transferred into 10 ml centrifuge tubes, with distilled water 
added until each of the tubes were equally full. The samples were washed five times with 
distilled water (centrifuged at 2 000 rpm for 10 minutes) to make certain that all the acid was 
removed. Samples were stored in 2 ml eppendorf safe-lock tubes until mounting. 
 
Permanent light microscopy slides were made with the digested diatom samples. Coverslips 
were cleaned in methanol and placed on a flat surface, with distilled water added to each 
coverslip in order for the water to reach all edges and corners forming a strong meniscus. To 
this, 1 to 2 drops of sample were carefully added so as to not break the water tension and the 
sample was carefully mixed using a pipette tip. The coverslips were left for about one week to 
allow the water to evaporate. Slides were cleaned using methanol and two drops of Naphrax® 
mounting agent were placed on the slides. The coverslips on which the diatoms were mounted 
were inverted and placed on the Naphrax®. Slides were placed on hotplates and the 
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Naphrax® was allowed to boil until no more bubbles were visible. The slides were allowed to 
cool and set.  
 
Diatom frustules were examined and counted using a Zeiss Axioplan light microscope with 
Differential Interference Contract (DIC) optics. Using a television camera (The Imaging Source 
DFK 41F02), images of the dominant taxa were visualised using the Imaplan V 2.06 image 
analysis programme (IMATEC Elektronische Bildanalysesysteme GmbH ©2004). Diatom 
valves were counted in each sample using 1000x magnification until the obvious dominant was 
established. In most cases this represented approximately 200 frustules. At least one digital 
image of every taxon was captured. The dominants were those species that were clearly 
present in the greatest number and the sub-dominants were those that had a frequency >10 % 
but not dominant. Taxonomic books that were used for the identification of diatoms include: 
Hustedt (1976), Archibald (1983), Simonsen (1987), Round et al. (1990), Hartley (1996), 
Witkowski et al. (2000), Metzeltin et al. (2005) and Taylor et al. (2006). 
 
4.7.2. Benthic algal community composition 
For the weekly study the entire community was investigated to establish whether there was 
deposition of phytoplankton cells. Sediment samples (surface 1 mm) were collected using a 20 
mm internal diameter corer and placed in a 50 ml vial with about 20 - 25 ml estuarine water. 
Samples were preserved with 1.5 ml of 1 % (v/v) glutaraldehyde solution in the field and stored 
at 5 ºC in a darkened environment. For enumeration purposes, samples were resuspended 
and stained with Rose Bengal. The stained samples were allowed to stain for 24 hours. A drop 
was placed on slides with coverslips on top then identified under a light microscope at 400x 
magnification. Counts and identification of microalgal groups (i.e. flagellates, dinoflagellates, 
diatoms and blue-green algae) were performed using the Zeiss IM 35 inverted microscope at 
630x magnification. Relative abundances of the different groups were reported. 
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4.8. Data analysis   
 
All statistical analyses were completed using the MINITAB Version 15 statistical package 
(Minitab Inc. 2007). The data collected (Table 5.1) were in these categories: long term 
environmental data (salinity and temperature) from August 2006 to August 2008 with 
associated algal counts and biomass; benthic algal counts and biomass from February 2008 to 
August 2008; and weekly physico-chemical and algal data for five weeks in 2008. The data 
(phytoplankton counts) from 2006 to 2007 were obtained from Adams (unpublished data) and 
represented means, thus was excluded from the current analysis, but were used for long term 
comparisons. Data for each sampling trip were analysed and comparisons were also made for 
all trips combined.  
 
All data were tested for normality using the Kolmogorov-Smirnov test for normality where the 
following hypotheses were tested: Ho: data follow normal distribution versus Ha: data do not 
follow a normal distribution. The null hypothesis of normality was rejected for most response 
variables, thus following the normality test, a Johnson transformation was performed to 
normalise such data. The maximum p-value for selection of an appropriate bounded (SB), 
lognormal (SL) or unbounded (SU) transformation distribution was 0.10. For the different types 
of distributions, one of the following functions was applied: 
SB = 1.76786 + 0.986225 * Ln [(X + 434.397) / (15226.8 - X)] 
SL = -9.27239 + 1.14949 * Ln (X - 280.267) 
SU = -1.42432 + 0.546049 * Asinh [(X - 0.770740) / (0.425293)]. 
 
The transformed data were saved for further analyses. Levene’s test for homogeneity of 
variance, with a Bonferroni confidence interval of 95% was used to test the equality of variance 
across variables. Following a positive test, a General Linear Model (GLM) analysis of variance 
(without interactions) was conducted on the transformed data to test the effect of the different 
predictors (distance from estuary mouth, sampling time and depth) on the response variables 
at α = 0.05 (although transformed data were used in the analyses, for purposes of clarity, 
means and standard errors of the actual untransformed data were presented in some of the 
results). For the size fractionated chlorophyll a analyses, one-way ANOVA was done to test if 
there were differences in the contribution of biota of different sizes (micro-, nano- and 
picoplankton) to the observed water column chlorophyll a concentration, while a GLM ANOVA 
was performed to test how biota of the different sizes varied with distance from the mouth and 
depth. Pearson product moment correlation was performed to test the relationship between 
variables; for this, the hypotheses were: Ho: r = 0 versus HA: r ≠ 0   where r is the correlation 
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between a pair of variables. Statistics were summarised in the results section and details of all 
statistical tests were presented in the appendix section. 
 
Contour plots for temperature, salinity, chlorophyll a and phytoplankton cell counts were 
produced using Grapher (Golden software) Version 8. Contour XY Data Map was used for 
the plots. Different scales were used for the y axis for different sampling dates so that the 
patterns were visible. In some cases, very high values were recorded but only for a single 
sampling date. Mean values are expressed as mean ± standard error of the mean. 
 
CANOCO for Windows Version 4.5 (Ter Braak, 2003) was used to determine which 
environmental factors influenced benthic species composition over time and between sites 
using Canonical Correspondence Analysis (CCA) plots. CCA is constrained ordination where 
the ordination axes are weighted sums of environmental variables. The constrained ordination 
axes correspond to the directions of the greatest data set variability that can be explained by 
the environmental variables (Lepš & Šmilauer, 2003). CCA results were plotted as two 
dimensional graphs and diatoms were placed according to their similarity in distribution and 
their correlation to physico-chemical factors. Physico-chemical factors were shown by arrows 
originating from the centre of the graph whereby an increase in the length of arrows indicated 
an increase in the importance of each variable. The position of the species or groups and sites 
relative to these variables indicates their correlation with each other and the closer the species 
or sites are to a variable, the stronger the correlation with that specific variable. Summary 
statistics for the first four axes of CCA graphs were presented as tables.  
 
5. RESULTS 
5.1. SPATIAL AND TEMPORAL RESPONSES 
 
The physico-chemical and biological data collected from the five sampling trips are indicated in 
Table 5.1. The inconsistency of data was mainly because data sets from previous student 
research projects in 2006 and 2007 were included for comparative purposes as part of this 
study.  
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Table 5.1. Summary of environmental variables and microalgal data from the Sundays 
Estuary used for this study (tick marks and crosses indicate whether data were or were not 
collected at the time of sampling, respectively).  
 
Parameters 17-08-06 29-03-07 19-02-08 03-06-08 16-08-08 
Phytoplankton  
chlorophyll a ü ü ü ü ü 
Phytoplankton cell counts ü ü ü ü ü 
Salinity ü ü ü ü ü 
Temperature ü ü ü ü ü 
pH X ü ü ü ü 
Secchi depth ü ü X X ü 
Water 
column 
nutrients 
Ammonium X ü ü ü ü 
TOxN X ü ü ü ü 
Soluble reactive 
phosphorus X 
ü ü ü ü 
Silicate X ü ü ü ü 
Benthic chlorophyll a  X X ü ü ü 
Sediment particle size X X X ü ü 
Sediment AFDW X X ü ü ü 
Benthic diatom species 
counts X X ü ü X 
 
5.1.1. Rainfall and flow   
 
In August 2006 rainfall was low on the day of sampling but on the 2nd and 3rd of August rainfall 
was 128 and 64 mm respectively (Figure 5.1a), coinciding with a flood that occurred. This is 
also shown by the highest (247 mm) mean monthly rainfall which was recorded in August 2006 
(Figure 5.1b). In March 2007 the highest rainfall fell on the 4th (38 mm) and 5th of March (40 
mm). The highest rainfall in February 2008 was on the 11th (11.3 mm). Three days before the 
June sampling session rainfall was 3.6 mm. A day before sampling on the 16th of August 2008 
rainfall was 23 mm. 
 
As a result of the rainfall, high flows occurred prior to the 17 August 2006 sampling session 
(Figure 5.2a). Flows of 7.5 and 7.4 m3 s-1 were recorded at the Department of Water Affairs 
(DWA) station N4H005 on 4 and 5 August. The highest mean monthly flow of 1.29 m3 s-1 also 
occurred in August 2006 (Figure 5.2b). For the other sampling sessions flow was less than 
0.15 m3 s-1.  Data from the environmental water requirement study on the Sundays Estuary 
(Taljaard et al., 2008) was also used to identify the flow into the estuary at the time of sampling 
based on the plots of the salinity gradient (Table 3.1). The estuary in August 2006 was in a 
freshwater dominated state which is characterised by flow greater than 15 m3 s-1. In March 
2007, February, June and August 2008 a freshwater front was present in the upper and middle 
reaches. This was classified as a small transition state where flow is between 0.5 to 2 m3 s-1 
(Taljaard et al., 2008).  
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5.1.2. Water quality variables  
 
Both vertical and horizontal salinity gradients were presented during all sampling trips. Salinity 
was highest at the mouth (15 ± 0.1 to 28.2 ± 0 ‰ across the study period from 2006 to 2008) 
and decreased towards the head of the estuary and with depth (0.6 to 1.6 ‰ at 22 km from the 
mouth) (Figure 5.3a - e). Vertically averaged salinity less than 10 ‰ occurred from 12.5 km 
upstream of the mouth and this was the region where the highest water column chlorophyll a 
was found (Figure 5.5a - e). Salinity differed significantly (p <0.05; R2 = 84.3 %) with both 
distance from the mouth (df = 9; F = 28.77) and depth (df = 15; F = 14.20). Freshwater 
intrusion (salinity <5 ‰) occurred up to 8 km and 13 km from the mouth in August 2006 and 
March 2007 respectively. In 2008 freshwater intrusion was evident at 11 to 12.5 km from the 
mouth (Figure 5.3a - e). Salinity differed significantly with time (df = 4; F = 13.47; p <0.05; R2 = 
84.3 %). Salinity in June 2008 was significantly higher than August 2006 and March 2007 
(Table 5.2).  
 
Generally, there was a decrease in temperature from the lower reaches to the upper reaches 
of the estuary (Figure 5.3f - j). There was a significant difference in the overall mean 
temperature during the different sampling periods (df = 4; F = 167.88; p <0.05; R2 = 81.4 %), 
where August 2006 was lower than the rest of the trips and February 2008 had the highest 
temperature (Table 5.2). Temperature also varied significantly with distance from the mouth of 
the estuary (df = 19; F = 0. 37; p <0.05; R2 = 50.3 %).   
 
Secchi depth was generally higher (60 to 100 cm) in the lower reaches of the estuary and 
decreased (10 to 60 cm) towards the upper reaches (Figure A.1, Appendix). There was a 
noticeable difference in Secchi depth at 3.8 km from the mouth in August 2008 (100 cm) 
compared to August 2006 (20 cm) and March 2007 (35 cm). There was a clear decrease in pH 
from the head of the estuary (8.3 - 8.82) to the middle reaches (7.95 - 8.21), between 10 and 
16 km from the mouth during all sampling trips ((Figure A.1, Appendix).  
 
Table 5.2. Mean salinity, temperature and pH for the spatial and temporal study. 
Sampling Date 
Salinity (‰) 
( Mean ± SE) 
Temperature (ºC) 
(Mean ± SE) 
August 2006 7.7 ± 2.3a* 14.6 ± 0.1a 
March 2007 12.2 ± 2.6ac 22.9 ± 0.5b 
February 2008 14.8 ± 2.1bc 24.1 ± 0.2c 
June 2008 16.7 ± 1.7b 15.9 ± 0.1d 
August 2008 15.5 ± 1.6bc 15.9 ± 0.1d 
*Means with the same letter(s) within the column were not significantly different. 
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                                       Salinity                                         Temperature 
 
 
Figure 5.3. Salinity (‰) (a - e) and temperature (ºC) (f - j) relative to depth and distance 
from the mouth in the Sundays Estuary in August 2006, March 2007, February, June 
and August 2008. Different scales have been used to indicate patterns. 
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Nutrient data for February 2008 to August 2008 were analysed at the CSIR laboratories, 
Stellenbosch, and only average readings were provided, as a result there were no data to test for 
differences between the nutrient concentrations with time and distance from the mouth. Total 
oxidised nitrogen (TOxN), silicate and soluble reactive phosphorus (SRP) concentrations 
increased from the mouth to the upper reaches of the estuary (Figure 5.4). Correlation analyses 
(Table C.6, Appendix) showed that there was a positive correlation with distance from the mouth 
of the estuary with these nutrient concentrations (r = 0.61, 0.67 and 0.54 respectively; p <0.05; n 
= 40). Ammonium concentrations were lower in the lower reaches, displayed peaks in the middle 
reaches and decreased towards the upper reaches of the estuary (Figure 5.4). The August 2008 
surface data for ammonium was an anomaly, which could have resulted from contamination of 
the samples (Figure 5.4a). The mouth region is generally shallow and well mixed. Ammonium 
concentration at the bottom was low; therefore it is unlikely that there would be a significant 
difference at the surface. 
 
 
 
Figure 5.4. Nutrient concentrations along the Sundays Estuary in March 2007, February, June 
and August 2008. Ammonium (a) surface (b) bottom; TOxN (c) surface (d) bottom; soluble 
reactive phosphorus (e) surface (f) bottom; and silicate (g) surface (h) bottom. 
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5.1.3. Phytoplankton biomass (chlorophyll a) 
 
In August 2006 the highest biomass of 23.9 µg l-1 was measured 10.5 km from the mouth 
(Figure 5.5a). There was a strong positive correlation between chlorophyll a and distance from 
the mouth of the estuary (r = 0.71; p <0.05; n = 19) and significant negative correlations (p 
<0.05; n = 19) between chlorophyll a with Secchi depth, salinity and temperature (r = -0.82; -
0.85 and -0.84 respectively). 
 
In March 2007 the highest biomass (237.4 µg l-1) was measured 3.8 km from the mouth where 
the water column was strongly stratified (Figure 5.5b). The estuary was sampled after a flood 
event and therefore salinity and phytoplankton chlorophyll a were low in the narrow and 
shallow upper reaches where residence time was low. Pearson correlation showed negative 
correlations between chlorophyll a and distance, TOxN and silicate concentrations (r = -0.90, -
0.70 and -0.87 respectively; p <0.05; n = 23).  
 
Phytoplankton chlorophyll a in the estuary in February 2008 was higher towards the upper 
reaches, 16.3 and 21.9 km from the mouth (Figure 5.5c). Mean chlorophyll a at those two sites 
were 34.4 ± 0.9 µg l-1 and 73.6 ± 3.3 µg l-1 respectively. There was a negative correlation 
between phytoplankton biomass and salinity (r = 0.57; p <0.05; n = 26) and a positive 
correlation between chlorophyll a and distance from the mouth (r = 0.84; p <0.05; n = 26).  
 
In June 2008 mean biomass for the entire estuary was 8.2 ± 4.4 µg l-1 (± SE) (Figure 5.5d). A 
chlorophyll a peak (99.4 µg l-1) was measured within the surface meter at the site 12.5 km from 
the mouth. Phytoplankton biomass was positively correlated with pH and ammonium 
concentrations (r = 0.59 and 0.58 respectively, p <0.05; n = 25).  
 
The highest biomass (73.9 µg l-1) in August 2008 was measured 16.3 km from the mouth 
(Figure 5.5e).  Diatom cell density was higher in the middle to upper reaches at sites 9.9, 12.5, 
16.3 and 21.9 km from the mouth, where three diatom species (Cyclotella atomus Hustedt, 
Cyclostephanus dubius (Fricke) Round and Stephanodiscus hantzshia Grunow) were found in 
bloom densities (>10 000 cells ml-1). Phytoplankton biomass was positively correlated to 
distance, pH, TOxN and silicate concentrations (r = 0.87, 0.95, 0.84 and 0.65 respectively; p 
<0.05, n = 24) while there were negative correlations with salinity and ammonium 
concentrations (r = -0.88 and -0.72 respectively; p <0.05, n = 24).  
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In general, chlorophyll a was significantly different (df = 4; F = 2.76; p <0.05, R2 = 9.4 %) for 
the different sampling trips (February 2008 to August 2008) as shown in Table 5.3. In March 
2007 and August 2008 water column chlorophyll a was significantly higher than that found in 
August 2006 and June 2008. Chlorophyll a was always higher in low salinity water and 
decreased with water depth (r = -0.53 and -0.27 respectively; p <0.05, n = 75).  
 
Table 5.3. Mean water column chlorophyll a for the spatial and temporal study. 
Sampling Date 
Chlorophyll a 
( Mean ± SE) 
August 2006 14.15 ± 1.45a* 
March 2007 31.5 ± 12.6b 
February 2008 14.52 ± 4.75cab 
June 2008 8.16 ± 4.37c 
August 2008 24.08 ± 5.56b 
*Means with the same letter(s) within the column were not significantly different. 
 
5.1.4. Phytoplankton community composition and distribution 
 
For this study phytoplankton groups with a relative abundance greater than 10 % were 
considered to be dominant. Phytoplankton community composition is presented in Figures 5.5f 
- j). The following phytoplankton groups were identified: flagellates, diatoms, dinoflagellates, 
green algae and blue-green algae. The group “other” in this study included planktonic 
organisms (mostly zooplankton) not belonging to the above-mentioned groups. The dominant 
phytoplankton groups for the different sites from the five different sampling sessions are 
summarised in Table A.3; Appendix. Results for 2006 and 2007 were obtained from student 
studies (Adams, unpublished data) on the Sundays Estuary and were included for long-term 
comparisons; however there were inadequate data for correlations between phytoplankton and 
water quality parameters for these two trips as only average data was available. 
 
In August 2006 the dominant groups were the flagellates and the green algae (Figure 5.5f). 
Green algae were not recorded in the middle to upper reaches of the estuary in 2006, but they 
were higher in cell numbers (mean of 9 042 cells ml-1) than the flagellates (mean of 3 840 cells 
ml-1) at 0.2 km from the mouth of the estuary and making up 64 % of the composition. The 
dominant green alga was identified as a Diogenes sp. (Plate 5.1) which is a freshwater 
species (Prescott, 1970). Flagellates were dominant from 4.1 km and towards the head of the 
estuary. Diatoms were recorded at all the sites but in low density (averages of 200 to 1 301 
cells ml-1).  
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In March 2007 flagellates and green algae were the dominant groups (Figure 5.5g). Green 
algae occurred in low density (5 741 cells ml-1) in the lower reaches and became dominant 
(41 804 cells ml-1) towards the head of the estuary. In contrast flagellate density decreased 
from the mouth to the head of the estuary (from 31 324 to 3 400 cells ml-1). A Chlamydomonas 
sp. (Plate 5.1) which is a freshwater flagellate (Prescott, 1970) was dominant in the lower 
reaches. Diatoms were present at all sites but in relatively low cell numbers (56 to 279 cells ml-
1). 
 
In February 2008 (Figure 5.5h) green algae were the dominant phytoplankton group and cell 
density ranged from 1 082 to 33 443 cells ml-1 with distance from the lower to upper estuary 
reaches. The flagellates were the second most dominant group with density greater in the 
upper reaches of the estuary compared to the lower reaches. A diatom bloom of Cyclotella 
atomus Hustedt (Plate 5.1) was present in the upper reaches of the estuary with 11 028 ± 40 
(± SE) and 55 738 ± 0 cells ml-1 at 16.3 and 21.9 km from the mouth. These groups 
respectively contributed 26 % and 57 % to the total community composition at these sites and 
was associated with high chlorophyll a. Dinoflagellates, green algae and the group “other” 
were present but in low density and not at all sites sampled.  
 
In June 2008 phytoplankton chlorophyll a peaked 12.5 km from the mouth and was associated 
with a dense dinoflagellate bloom (11 705 ± 7 246 cells ml-1) with relative abundance of 88 % 
(Figure 5.5i). Dinoflagellate density was still relatively high upstream of the bloom site (3 583 ± 
1407 cells ml-1 at 16.3 km from the mouth), contributing 39 % to the total composition. Diatoms 
and flagellates occurred in high density throughout the estuary. The highest cell density for 
diatoms was 696 ± 84 cells ml-1 at 3.8 km from the mouth and 2 986 ± 454 cells ml-1 for 
flagellates at 9.9 km from the mouth. Chlorophytes and the group “other” were present but in 
low densities; the highest density being 3 452 ± 1 184 cells ml-1 at 9.9 km from the mouth and 
1 798 ± 1 798 cells ml-1 at 16.3 km, respectively.  
 
In August 2008, flagellate cell numbers were highest in the lower reaches with cell densities of 
2 546 (only one depth), 4 370 ± 462 and 3 732 ± 540 cells ml-1 at 0.2, 3.8 and 8 km, 
comprising 61, 53 and 37 % respectively of the total phytoplankton composition (Figure 5.5j). 
A shift in species dominance occurred from flagellate to diatom bloom concentrations (over 66 
000 cells ml-1) at 12.5 km from the mouth. The diatom bloom species were identified as 
Cyclotella atomus Hustedt, Cyclostephanus dubius (Fricke) Round and Stephanodiscus 
Hantzshia Grunow (Plate 5.1). At sites 9.9, 12.5, 16.3 and 21.9 km from the mouth diatom cell 
densities of 12 502 ± 3 460 cells ml-1, 66 886 ± 0 cells ml-1, 58 525 ± 2 787 cells ml-1 and 35 
885 ± 1 742 cells ml-1 were recorded, respectively. Diatoms contributed 53, 74, 63 and 47 % to 
the total phytoplankton composition at the mentioned sites respectively. Green algae and the 
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group ‘other’ had the highest cell density, 31 562 ± 3 693 cells ml-1 and 7 455 ± 348 cells ml-1 
respectively at 21.9 km from the mouth. Dinoflagellates occurred in low cell numbers (13 to 
155 cells ml-1).  
 
In summary, during all sampling trips the highest phytoplankton cell density occurred from 12.5 
km to 21.9 km from the mouth. Different groups of microalgae formed phytoplankton blooms 
for the different sampling trips. These included blooms of green algae (August 2006), 
flagellates (March 2007), dinoflagellates (June 2008) and diatom species (February and 
August 2008). During this study, high phytoplankton cell density indicative of blooms was 
positively correlated with high chlorophyll a (Table 5.4). Green algae and diatom cell numbers 
were associated with low salinity water in the upper reaches of the estuary where pH was 
higher (Table 5.4). Flagellates were dominant throughout the estuary when nutrients were 
possibly depleted by other algal groups. The dinoflagellate bloom in June 2008 was correlated 
with high chlorophyll a, ammonium and pH (r = 0.97, 0.67 and 0.63; p <0.05; n = 25).  
 
Table 5.4. Pearson’s correlation coefficients showing only significant results (p <0.05) that 
relate phytoplankton groups to water column chlorophyll a and physico-chemical variables 
during the study. Data for all sampling trips was used for the analyses (N = 75). 
 
Phytoplankton 
groups 
Flagellates Diatoms Green 
algae 
Dinoflagellates Blue green 
algae 
TOxN -0.35     
SRP -0.44     
Chlorophyll a 0.38  0.78  0.81 0.43 0.36 
Distance   0.52  0.62   
pH   0.75  0.73  0.44 
Salinity  -0.45 -0.54   
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        Chlorophyll a                   Phytoplankton composition 
 
 
Figure 5.5. Phytoplankton chlorophyll a (µg l-1) (a - e) and phytoplankton group composition (f - 
j) relative to distance from the mouth of the Sundays Estuary in (a) August 2006, (b) March 
2007, (c) February 2008, (d) June 2008 and (e) August 2008. Different scales have been used 
to indicate patterns. 
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Plate 5.1. Dominant phytoplankton species. Figure 1 = Diogenes sp.; Figure 2 = 
Chlamydomonas sp.; Figures 3 and 4 = Cyclostephanus dubius (Fricke) Round; Figure 5 and 
6 = Stephanodiscus hantzshia Grunow and Figure 7 and 8 = Cyclotella atomus Hustedt. 
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5.1.5. Benthic microalgal biomass (chlorophyll a) and sediment characteristics 
 
Sediment moisture content was found to be positively correlated with organic content (r = 0.82; 
p <0.05; n = 36) (Table C.9; Appendix). Sediment moisture content and organic content 
increased from the mouth to the upper reaches of the estuary with ranges between 23.6 and 
51.7 % for moisture content and 1.13 to 3.99 % for organic content (Figure 5.6a - d). There 
was an overall positive correlation between moisture content and organic content with distance 
from the mouth (r = 0.52 and 0.41 respectively; p <0.05; n = 36). High subtidal sediment 
organic content (3 to 4 %) and moisture content (32 to 47 %) were found from 12.5 km 
upstream (Figure 5.6a - d). 
 
The 125 - 250 µm (fine sand) class contributed 26.4 % and 28.1 % to the total sediment 
particle size for the subtidal and intertidal habitats respectively in June 2008 (Figure 5.7a - d). 
In August 2008, 22.9 % of the 125 - 250 µm size class made up the subtidal samples and 22.5 
% for intertidal samples (Figure 5.7a - d).  
 
During the sampling trips (February, June and August 2008), benthic microalgal samples from 
the intertidal areas were not collected at sites 16.3 and 21.9 km from the mouth due to the 
channel-like morphology of the estuary and the presence of dense reed beds. In February 
2008 benthic biomass peaked at 12.5 km from the mouth with 78.6 ± 22 µg g-1 (± SE) for 
subtidal and 59.9 ± 8.9 µg g-1 for intertidal chlorophyll a (Table 5.5 and Table 5.6). Mean 
chlorophyll a content for the estuary was 21.5 ± 6.3 µg g-1 (subtidal) and 15.7 ± 5.7 µg g-1 
(intertidal). No significant correlations were found between benthic chlorophyll a and sediment 
moisture content or organic content and sediment particle sizes. However, sediment moisture 
content and organic content were positively correlated (r = 0.81; p <0.05; n = 12).   
 
In June 2008 mean benthic chlorophyll a was highest at 12.5 km from the mouth; 14.7 ± 3.7 
µg.g-1 (subtidal) and 13.8 ± 2.1 µg g-1 (intertidal) (Table 5.5 and Table 5.6). Mean subtidal 
chlorophyll a for the estuary was 6.8 ± 1.1 µg g-1 and 6.4 ± 1.1 µg g-1 for the intertidal. 
Sediment chlorophyll a was positively correlated with sediment moisture and organic content (r 
= 0.62 and 0.74 respectively; p <0.05; n = 12). Sediment moisture content and organic content 
were positively correlated (r = 0.86; p <0.05; n = 12). Organic content was also positively 
correlated with silt and clay content (<63 µm size class) (r = 0.60; p <0.05; n = 12). 
 
In August 2008 intertidal benthic chlorophyll a was highest (6.9 ± 1.0 µg g-1) at 3.8 km from the 
mouth of the estuary and subtidal chlorophyll a was highest (25.8 ± 4.5 µg g-1) at 12.5 km from 
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the mouth (Table 5.5 and Table 5.6). Mean chlorophyll a content for the estuary was 14.7 ± 2.2 
µg g-1 (subtidal) and 4.0 ± 0.6 µg g-1 (intertidal). There was a positive correlation between 
chlorophyll a and organic content (r = 0.80; p <0.05; n = 12) and moisture content (r = 0.97; p 
<0.05; n = 12). Moisture content and organic content were positively correlated (r = 0.97; p 
<0.05; n = 12). 
  
Mean subtidal benthic chlorophyll a was significantly different at each sampling site (df = 6; p 
<0.05) during each trip (F = 3.44, 6.43 and 7.14; R2 = 35.8, 54.7 and 57.7 % for February, June 
and August 2008 respectively). Intertidal benthic chlorophyll a was also found to be 
significantly different (df = 4; p <0.05) for all sampling trips; F = 13.59, 16.29 and 4.47; R2 = 
72.6, 76.3 and 42.2 % for February, June and August 2008 respectively. Benthic chlorophyll a 
at 12.5 km from the mouth was mostly significantly higher than at other sites (Table 5.5 and 
5.6). Maximum phytoplankton biomass was always found at the sites where the highest 
benthic microalgal biomass was recorded and where salinity was less than 10 ‰ (Table A.1 
and A.2, Appendix). 
 
Table 5.5. Mean subtidal benthic chlorophyll a for the spatial and temporal study. 
Distances from 
the mouth (km) 
February 2008 June 2008 August 2008 
Chlorophyll a (µg g-1) 
Mean ± SE 
Chlorophyll a (µg g-1) 
Mean ± SE 
Chlorophyll a (µg g-1) 
Mean ± SE 
0.2 2.26 ± 2.57a* 0.002 ± 0.59a 3.06 ± 2.54a 
3.8 4.48 ±1.8a 4.438 ± 0.94ac 13.31 ± 5.07ab 
8 8.37 ± 1.24ab 8.41 ± 2.42bc 16.73 ± 1.79b 
9.9 18.8 ± 16.4a 8.14 ± 1.67bc 8.66 ± 1ab 
12.5 78.6 ± 22b 14.66 ± 3.7b 24.14 ± 8.07b 
16.3 8.2 ± 10.7a 7.61 ± 1.04bc 25.75 ± 4.52b 
21.9 12.63 ± 2.43ab 2.36 ± 0.62ac 3.59 ± 2.09a 
*Means with the same letter(s) within the column were not significantly different. 
 
Table 5.6. Mean intertidal benthic chlorophyll a for the spatial and temporal study. 
Distances from 
the mouth (km) 
February 2008 June 2008 August 2008 
Chlorophyll a (µg g-1) 
Mean ± SE 
Chlorophyll a (µg g-1) 
Mean ± SE 
Chlorophyll a (µg g-1) 
Mean ± SE 
0.2 4.23 ± 1.31 a* 0.61 ± 0.16a 2.55 ± 1.36 a 
3.8 6.67 ± 2.03a 7.20 ± 0.48b 6.87 ± 1.03b 
8 3.20 ± 1.05ab 4.09 ± 0.45ab 4.90 ± 0.64ab 
9.9 0.62 ± 0.42b 6.19 ± 1.52b 4.04 ± 1.03ab 
12.5 59.91 ± 8.92c 13.76 ± 2.10c 1.72 ± 0.46a 
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Figure 5.6. Sediment moisture content (a and b) and organic content (c and d) of subtidal and 
intertidal benthic samples in the Sundays Estuary in February, June and August 2008. 
 
 
 
Figure 5.7. Sediment particle size for subtidal and intertidal benthic samples in the Sundays 
Estuary in June (a and b) and August (c and d) 2008. 
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5.1.6. Benthic diatom identification and composition 
In February 2008, 25 dominant (>10 %) taxa of diatom species were recorded in both the 
intertidal and subtidal areas of the Sundays Estuary (Figure 5.8). In June 2008, 16 dominant 
taxa were recorded (Figure 5.9). A summary of the ordinations of the benthic diatoms is given 
in Table 5.7a - b. Salinity was a strong factor influencing diatom distribution and separated 
freshwater sites from marine sites. In February 2008 most species were associated with low 
ammonium concentrations. Nitzschia desertorum, Nitzschia frustulum, Parlibellus cruciculoides 
and Pinnularia yarrensis were associated with high water column temperature (Figure 5.8). 
The site nearest the mouth (0.2 km from the mouth) was constantly disturbed by tidal action, 
and as a result had few (one or two) species. These species occurred as outliers in the 
ordination plot (Figure 5.8). The cumulative percentage of variance explained by the 
environmental variables was 42.1 %, indicating that the selected environmental variables 
explained almost half of the diatom species distribution (Table 5.7a). The first two axes used in 
the ordination plot (Figure 5.8) represented 22.8 % of the variance in the species composition 
and 35.9 % of the species-environment relationship.  
 
In June 2008 (Figure 5.9) most of the benthic diatom species were associated with high water 
column temperature (15 to 16 ºC). Nitzschia palea, Nitzschia clausii and Navicula perminuta 
were associated with high ammonium concentrations (22 µM) and pH (8.7). Navicula frugalis 
and Navicula salinicola were associated with high salinity (21 to 30 ‰ respectively). The first 
axis in June was associated with pH and ammonium and explained 21.1 % of variance. A large 
proportion (60.6 %) of the diatom species distribution was explained by the measured 
environmental variables (Table 5.7b). The first two axes used in the ordination plot (Figure 5.9) 
represented 33.3 % of the variance in the species composition and 42.2 % of the species-
environment relationship. 
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Figure 5.8. Canonical Correspondence Analysis (CCA) of the dominant (>10 % relative abundance) 
subtidal and intertidal benthic diatom species with physico-chemical factors (temperature, salinity 
and pH) and nutrient concentrations (ammonium, TOxN, SRP, silicate) for the Sundays Estuary in 
February 2008. Full diatom names are provided in Table A.7 in the Appendix section. 
 
  
Figure 5.9. Canonical Correspondence Analysis (CCA) of the dominant (>10 % relative abundance) 
subtidal and intertidal benthic diatom species with physico-chemical factors (temperature, salinity 
and pH) and nutrient concentrations (ammonium, TOxN, SRP, silicate) for the Sundays Estuary in 
June 2008. Full diatom names are provided in Table A.7 in the Appendix section.   
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Table 5.7. Canonical Correspondence Analysis summary information for species and environmental 
correlations of the first four axes for the Sundays Estuary in (a) February 2008 and (b) June 2008. 
 
(a)  Axes                                            Axis 1         Axis 2        Axis 3         Axis  4   Total inertia 
 Eigenvalues                                    0.926  0.827       0.782        0.704      7.699 
 Species-environment correlations        0.994  0.995       0.997        0.993 
 Cumulative percentage variance 
    of species data                            12.0  22.8       32.8           42.1 
    of species-environment relation         18.9  35.9       51.9           66.3 
 Sum of all eigenvalues                                          7.699 
 Sum of all canonical eigenvalues                                        4.889 
(b)  Axes                                            Axis 1   Axis 2       Axis 3          Axis  4   Total inertia 
Eigenvalues                                   0.997        0.998      0.956         0.675     5.984 
 Species-environment correlations        1.000   1.000      0.997         0.985 
 Cumulative percentage variance 
    of species data                            16.7   33.3       49.3           60.6 
    of species-environment relation         21.1   42.2       62.5           76.8 
 Sum of all eigenvalues                                                                5.984 
 Sum of all canonical eigenvalues                                                   4.723 
 
 
5.2. WEEKLY RESPONSES 
5.2.1. Rainfall and flow 
 
Flow at the DWA gauging station during Weeks 1 to 5 was 0.072, 0.076, 0.063, 0.070, 0.063 
m3 s-1 respectively, which was quite low (Figure B.1, Appendix) and could be related to the low 
rainfall at that time. The location of the flow gauging station 46 km upstream from the mouth of 
the 21 km long estuary could also result in the underestimation of flow. The data from the 
environmental water requirement (Taljaard et al., 2008) study on the Sundays Estuary were 
used to identify the flow into the estuary at the time of sampling based on the plots of the 
salinity gradient (Table 3.1). A freshwater front was present in the middle and part of the lower 
reaches during Weeks 1 and 2. This was classified as a large transition state with flow of 2 to 5 
m3 s-1. During Weeks 3, 4 and 5 a freshwater front was present in the upper and middle 
reaches. This was classified as a small transition state where flow is between 0.5 to 2 m3 s-1 
(Taljaard et al., 2008).  
 
5.2.2. Water quality variables and climate data 
 
Generally, the water column was less turbid (75 to 80 cm) near the mouth than towards the 
upper reaches (<70 cm). There was a significant difference in the Secchi depth between the 
sampling periods (df = 4; F = 4.05; p <0.05; R2 = 33.7 %). Secchi depth in Week 1 was 
significantly different from Weeks 2 and 5 as it was turbid (Table 5.10). Week 2 was sampled 
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during a neap tide and the estuary was less turbid than the other sampling trips. Light 
attenuation was highest during Weeks 1 and 4 at 12.5 km from the mouth (Figure 5.10) 
showing that the estuary was more turbid at these times. High phytoplankton biomass was 
found in these areas (Figure 5.13a - e). 
 
Spring tides occurred in Weeks 1, 3 and 5 and sampling started during the ebbing tide on 
these dates at approximately 9:00 (Figure B.4, Appendix). Neap tides occurred during Weeks 
2 and 4 and sampling started during the flooding tide. Wind velocity was moderately low during 
the study period with daily average wind speed of 6.9, 4.4, 3.7, 3.9 and 6.4 m s-1 for each of 
the sampling weeks (Figure B.5, Appendix). Wind direction was from the west on 13, 19 March 
and 9 April 2009 throughout the sampling session. On 26 March wind direction was from the 
west then changed to west-south-west from 12:00 till 13:00. Wind direction in the morning of 2 
April was initially from the west, to west-south-west (10:00), south west (11:00), south-south-
west (12:00), then south-south-east (13:00).  
 
 
Figure 5.10. Light attenuation (K) through the water column along the Sundays Estuary from 
March to April 2009 (the five sampling trips are indicated by arrows). 
 
Salinity stratification is shown in Figure 5.11a - e. Mean salinity in the estuary for each trip 
varied significantly (p <0.05) with distance from the mouth during each trip and also varied 
significantly (p <0.05) with depth except in Week 3 (Table 5.8). Results also showed that mean 
salinity was significantly different for each trip (df = 4; F = 2.93; p <0.05; R2 = 70.5 %). Mean 
salinity for the estuary was significantly lower in Week 1 than Weeks 3, 4 and 5 (Table 5.10). 
Saline intrusion during Weeks 1, 3 and 4 extended to 9.9 km upstream becoming fresh (less 
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than 5 ‰) at the surface from 12.5 km and 16.3 km from the mouth. During Weeks 2 and 5, 
water with salinity less than 5 ‰ occurred from 16.3 km upstream (Figure 5.11a - e). The REI 
zone where salinity was less than 10 ‰, occurred mostly from 12.5 km from the mouth 
upstream (Table B.1, Appendix). High chlorophyll (>20 µg l-1) occurred where salinity was less 
than 10 ‰ only in Weeks 4 and 5 (Table B.2, Appendix). Salinity was higher upstream and 
vertical stratification was best developed in weeks on which sampling took place during neap 
tides (Week 2 and 4). 
 
Table 5.8. Variation of salinity (‰) with distance and depth (using general linear model 
analysis of variance) during the weekly response study. Significant results (p <0.05) are in 
bold.  
 
Sampling  
Date 
Variables df F R2 (%) p 
Week 1 
Distance 4 49.30 95.89 0.000 
Depth 3 13.23 95.89 0.003 
Week 2 
Distance 4 9.21 94.26 0.002 
Depth 4 49.02 94.26 0.000 
Week 3 
Distance 4 10.34 85.58 0.007 
Depth 5 1.50 85.58 0.316 
Week 4 
Distance 4 5.39 94.99 0.035 
Depth 4 42.03 94.99 0.000 
Week 5 
Distance 4 191.09 99.06 0.000 
Depth 4 32.46 99.06 0.000 
 
Figure 5.11f - j shows that temperature increased from the site nearest to the mouth to the 
head of the estuary. Temperature varied significantly (p <0.05) with distance from the mouth 
during every week but only varied significantly (p <0.05) with depth during Weeks 1 and 3 
(Table 5.9). There was a significant difference in the temperature conditions during the five 
week sampling period (df = 4; F = 210.96; p <0.05; R2 = 92.4 %), where temperature during 
Week 1 was significantly higher than all the other trips (Table 5.10).  
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Table 5.9. Variation of temperature with distance and depth (using general linear model 
analysis of variance) during the weekly response study. Significant results (p <0.05) are in 
bold.  
 
Sampling  
Date 
Variables df F R2 (%) p 
Week 1 
Distance 4 17.25 92.83 0.001 
Depth 3 17.21 92.83 0.001 
Week 2 
Distance 4 8.35 72.63 0.003 
Depth 4 1.63 72.63 0.241 
Week 3 
Distance 4 21.87 97.77 0.001 
Depth 5 49.10 97.77 0.001 
Week 4 
Distance 4 6.25 80.19 0.025 
Depth 4 2.70 80.19 0.134 
Week 5 
Distance 4 8.13 82.45 0.013 
Depth 4 3.48 82.45 0.085 
 
 
Table 5.10. Mean salinity, temperature and Secchi depth for the weekly study. 
Sampling 
Date 
Salinity (‰)  
( Mean ± SE) 
Temperature (ºC)  
(Mean ± SE) 
Secchi depth (cm) 
(Mean ± SE) 
Week 1 13.83 ± 2.75a* 25.86 ± 0.28a 63 ± 4.64a 
Week 2 15.33 ± 2.12ab 21.31 ± 0.24b 84 ± 3.67b 
Week 3 18.09 ± 2.89b 22.34 ± 0.28c 71 ± 1c 
Week 4 18.17 ± 2.78b 22.06 ± 0.17c 69 ± 5.79ac 
Week 5 18.12 ± 2.56b  21.64 ± 0.21bc 79 ± 4b 
*Means with the same letter(s) within the column were not significantly different. 
 
 
Nutrient concentrations increased from 3.8 km to 16.3 km from the mouth (Figure 5.12a  - h) 
but this increase was only significant for the first three weeks of sampling  for these nutrients; 
SRP during Week 1 (df = 4; F = 242.08; p <0.05; R2 = 99.4 %), TOxN during Week 2 (df = 4; F 
= 5.76; p <0.05; R2 = 63.6 %) and ammonium and TOxN during Week 3 (df = 4; F = 4.87; p 
<0.05; R2 =52.4 % and df = 4; F = 5.82; p <0.05; R2 = 62.2 % respectively) (Table C.10- C.12; 
Appendix). There was no significant difference in nutrient concentrations between the surface 
(<0.5 m) and bottom (>0.5 m) of the water column, except for the SRP concentration during 
the first week (df = 3; F = 36.81; p <0.05; R2 = 99.4 %; Table C.10 - C.12; Appendix).   
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           Salinity                                                      Temperature 
 
 
Figure 5.11. Salinity (‰) (a - e) and temperature (ºC) (f - j) relative to depth and distance along 
the length of the Sundays Estuary during the weekly study. Different scales have been used to 
indicate patterns. 
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13 February 09 19 February 09 26 February 09 2 April 09 9 April 09
 
 
Figure 5.12. Nutrient concentrations of ammonium (a-surface and b-bottom), TOxN (c-surface 
and d-bottom), soluble reactive phosphorus (e-surface and f-bottom) and silicate (g-surface 
and h-bottom) in the Sundays Estuary on 13, 19, 26 March and 2 and 9 April 2009 (vertical 
bars indicate standard error). 
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5.2.3. Phytoplankton biomass (chlorophyll a) 
Chlorophyll a was found to be significantly different (df = 4; F = 5.52; p <0.05; R2 = 52.5 %) for 
the different weeks. Chlorophyll a in Weeks 1, 4 and 5 were significantly higher than in Weeks 
2 and 3 (Table 5.11). The highest chlorophyll a biomass (>20 µg l-1) occurred in the middle to 
upper reaches of the estuary during Weeks 1, 4 and 5. During Week 1 a chlorophyll a peak 
occurred 8 km from the mouth with readings of 59 µg l-1 and 45 µg l-1 recorded at 0 and 2 m 
depth respectively and 48 µg l-1 recorded at 9.9 km at 0.5 m depth (Figure 5.13a). The 
chlorophyll peak in Week 2 was observed in the same vicinity as the previous week and 33 µg 
l-1 was recorded at 9.9 km at 0.5 m depth (Figure 5.13b). The highest chlorophyll 
measurement in Week 3 was 20 µg l-1 at 3.8 km at a depth of 0.5 m (Figure 5.13c). 
Chlorophyll a during this period was well dispersed throughout the estuary. During Week 4 
chlorophyll a was highest (167 µg l-1) 12.5 km from the mouth at 0.5 m depth (Figure 5.13d). In 
Week 5 the highest chlorophyll a was 90 µg l-1 measured at 12.5 km at 0 m and another peak 
of 58 µg l-1 at 9.9 km also at the surface (Figure 5.13e). Chlorophyll a was not significantly 
correlated to any of the physico-chemical parameters in Weeks 1 and 2. In Week 3, there was 
a strong negative correlation (n = 16, p <0.05) with depth (r = -0.88, p <0.05, n = 16) and a 
strong positive correlation with temperature (r = 0.71, p <0.05, n = 16). Positive correlations 
were found in Week 4 (n = 16, p <0.05) with distance (r = 0.58) and silicate concentrations (r = 
0.73), and negative correlations with depth (r = -0.63) and salinity (r = -0.80). In Week 5, there 
were positive correlations (n = 16, p <0.05) with temperature (r = 0.50) and SRP 
concentrations (r = 0.68). A negative correlation was observed between mean chlorophyll a 
and mean Secchi depth (r = -0.55; p <0.05; n = 25) for the five week sampling period.  
  
Table 5.11. Mean chlorophyll a for the weekly study. 
Sampling 
Date 
Chlorophyll a (µg l-1) 
( Mean ± SE) 
Week 1 21.01 ± 3.84ac 
Week 2 9.42 ± 1.52b 
Week 3 11.66 ± 1.09b 
Week 4 30.14 ± 7.21a 
Week 5 17.03 ± 4.06ac 
*Means with the same letter(s) within the column were not significantly different. 
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             Chlorophyll a                      Phytoplankton composition 
 
 
Figure 5.13. Phytoplankton chlorophyll a (µg l-1) (a - e) and phytoplankton group composition (f 
- j) relative to depth and distance along the length of the Sundays Estuary during the weekly 
study. Different scales have been used to indicate patterns. 
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5.2.4. Phytoplankton size-fractionated chlorophyll a 
 
Mean chlorophyll a (from 0, 0.5 and 1 m depths) for size fractionated chlorophyll a was plotted 
in Figures 5.14a - e. One-way ANOVA showed that the size fractions differed significantly (p 
<0.05) within the sampling trips and also showed that the nanoplankton size fraction was 
significantly higher during each week than the other two size fractions (Tables C23 -27, 
Appendix; also shown in Figures 5.14a - e).  
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Figure 5.14. Vertically averaged size-fractionated chlorophyll a in the Sundays Estuary. Figures a 
to e correspond with the sampling dates (13 March, 19 March, 26 March, 2 April and 9 April). 
Vertical bars indicate standard error. Different scale bars were used to indicate patterns. 
a b 
c d 
e 
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5.2.5. Phytoplankton community composition and distribution 
 
For this study, phytoplankton groups with cell counts exceeding >10 % of the relative 
abundance were considered to be dominant. The most abundant phytoplankton groups in the 
Sundays Estuary from 13 March to 9 April were summarised in Table B.3, Appendix. Pearson 
correlations showing relationships between phytoplankton groups, chlorophyll a and 
physico-chemical variables are shown in Tables C17 - 21, Appendix. Table 5.12 shows only 
significant results (p< 0.05). 
  
In Week 1, flagellates and diatoms were the two dominant groups. Flagellates were dominant 
3.8 km from the mouth with a mean relative abundance of 88 % but diatoms became dominant 
from the middle to the upper reaches, making up 49, 71, 82 and 61 % of the total population at 
8, 9.9, 12.5 and 16.3 km from the mouth, respectively (Figure 5.13f). At 8 km from the mouth 
the diatom Cylindrotheca closterium (Ehrenb.) Reimann & Lewin was the dominant diatom 
species at 1 m and 2 m depths with cell density of 8 036 cells ml-1 (66 %) and 8 856 cells ml-1 
(61 %). At 9.9 km from the mouth, C. closterium was still present in the water column at 0, 1 
and 2 m depths with cell density 8 779, 8 639 and 7 44 cells ml-1, contributing 30, 47 and 55 % 
of the total population at this site. Also present at this site was Cyclotella atomus Hustedt with 
relative abundances of 24, 33 and 22 % at 0, 1 and 2 m depths. Dinoflagellates, euglenoids 
and taxa other than phytoplankton were present but at low densities. The group “other” in this 
study included planktonic organisms (mostly zooplankton) not belonging to flagellates, 
diatoms, dinoflagellates and blue-greens (Plate B.1, Appendix). This group was correlated with 
high salinity water close to the mouth of the estuary (r = 0.55, p <0.05, n = 20). 
 
In Week 2, flagellates were dominant at 3.8 km from the mouth (77 %) and at 16.3 km from the 
mouth (55 %) (Figure 5.13g). Chlorophyll a concentration was positively correlated with 
flagellate cell numbers (r = 0.68, p<0.05, n = 19) during this week. Diatoms were dominant in 
the middle reaches from 8; 9.9 and 12.5 km from the mouth with average relative abundances 
of 42, 54 and 41 % with C. atomus present at these sites but not dominant. During the third 
week of sampling the flagellates were dominant throughout the estuary, showing average 
relative abundances of 87, 85, 72, 85, and 63 % at 8 to 16.3 km from the mouth or average cell 
density of 2 527 ± 317, 5 765 ± 1 193, 3 942 ± 1 445, 6 163 ± 924 and 13 616 ± 4 220 cells ml-
1 (± SE) (Figure 5.13h). Flagellate cell numbers and diatoms were correlated with low salinity 
water found in the upper reaches of the estuary (r = -0.62 and -0.68, p <0.05, n = 16). 
Dinoflagellates were correlated with high chlorophyll a (r = -0.55, p <0.05, n = 16). Flagellates 
were dominant in Week 4 from 3.8 to 12.5 km from the mouth with relative abundances of 80, 
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85, 68 and 78 % average cell density of 4 866 ± 1 031, 5 716 ± 315, 11 072 ± 3 942 and 8 051 
± 1 028 cells ml-1. However, at 16.3 km diatoms (mostly C. dubius) contributed the most to the 
population with average relative abundance of 88 % (23 912 average cell density) (Figure 
5.13i). Pearson correlation showed that flagellate cell numbers were positively correlated with 
SRP concentrations (r = 0.76, p <0.05, n = 16). In Week 5 flagellates were dominant in the 
lower and the upper reaches. Relative abundances of 55, 67 and 75 % were found at 3.8, 12.5 
and 16.3 km from the mouth (Figure 5.13j). Diatoms were dominant at 8 and 9.9 km making up 
82 and 66 % of the phytoplankton composition in these sites. Average cell densities of diatoms 
were 39 537 ± 3 050 and 32 700 ± 7 233 cells ml-1 at 8 and 9.9 km from the mouth. Cyclotella 
atomus was recorded both at 8 and 9.9 km from the mouth. No correlations were found 
between the phytoplankton groups and environmental variables (Table 5.12). 
 
Table 5.12. Pearson’s correlation coefficients showing only significant results (p< 0.05) that 
relate phytoplankton groups to water chlorophyll a and physico-chemical variables during 
the study.  
 
Sampling  
Date 
Flagellates Diatoms Dinoflagellates “Other” 
Week 1 
n = 20 Chlorophyll a: 0.79  Chlorophyll a: 0.86 
Salinity: 0.55 
Distance: -0.69 
Week 2 
n = 15 Chlorophyll a: 0.68    
Week 3 
n = 16 
Salinity: -0.62 
Distance: 0.76 
Salinity: -0.68 
Distance: 0.76 Chlorophyll a: 0.55  
Week 4 
n = 16 SRP: 0.76    
Week 5 
n = 16     
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5.2.6. Benthic microalgal biomass (chlorophyll a)  
 
Subtidal benthic chlorophyll a increased from the mouth towards the upper reaches of the 
estuary (Figure 5.15). The pattern of benthic microalgal biomass was similar to that of the 
water column biomass (Figure 5.16). There was a peak in the water column chlorophyll a in 
Weeks 4 and 5 at 12.5 km from the mouth which was also seen in the subtidal benthic 
biomass. Benthic and water column chlorophyll a were not collected in the same manner, so in 
order to determine if high benthic chlorophyll a was correlated with water column chlorophyll a, 
average values per site were compared statistically. Benthic and water column microalgal 
biomass from Weeks 4 and 5 were positively correlated (r =0.92 and 0.95; p <0.05; n = 5, 
respectively). The highest subtidal benthic biomass occurred in the same region of the estuary 
where water column chlorophyll a concentrations were high.   
 
5.2.7. Benthic community composition 
 
Species composition for the benthos and water column was similar during all weeks, possibly 
indicating deposition of cells from the water column to the benthos (Figure 5.17a - e and Figure 
5.13f - j). In Week 1, a shift in dominance for benthic microalgal groups was observed along 
the length of the estuary. Flagellates were dominant at 3.8 to 9.9 km from the mouth then 
diatoms became dominant in the upper reaches. This pattern was also observed for the 
phytoplankton composition in the same week. Once more, in Week 2 the benthic samples 
showed that flagellates were dominant in the lower reaches and diatoms dominant in the upper 
reaches, corresponding with water column phytoplankton composition for this week. In Week 3 
flagellates were dominant in the water column throughout the estuary. They were also present 
in the benthos but not as dominant as the flagellates in the water column (29 - 74 % 
dominance). During Week 4 the benthic diatoms at 16.3 km from the mouth constituted 99 % 
of the composition, similarly to water column diatoms (88 %). Flagellates in the benthos were 
dominant from 3.8 to 12.5 km from the mouth. In Week 5 flagellates dominated the benthos 
throughout the estuary, as well as the water column except at 8 and 9.9 km from the mouth. 
No significant correlations were found when comparing relative abundances of microalgal 
groups from the benthos and water column (flagellates, dinoflagellates, other plankton) for all 
the weeks and sites (Table C33, Appendix). However, diatom relative abundance was 
significantly correlated between water column and sediment surface (r =0.50; p <0.05; n = 25).   
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Figure 5.15. Subtidal benthic chlorophyll a concentration in the Sundays Estuary from 13 
March to 2 April 2009 (vertical bars indicate standard error). 
 
 
Figure 5.16. Water column chlorophyll a concentration in the Sundays Estuary from 13 March 
to 2 April 2009 (vertical bars indicate standard error). 
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Figure 5.17. Benthic (a to e) microalgal community composition from 13 March to 2 April 2009 
in the Sundays Estuary. 
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6. DISCUSSION  
6.1. SPATIAL AND TEMPORAL RESPONSES 
 
The objective of this study was to determine microalgal biomass and community composition 
in the Sundays Estuary and relate these to flow, water quality and other environmental 
variables. High chlorophyll a concentrations (>20 µg l-1) in the shallow  upper reaches of the 
Sundays Estuary have previously been found where nitrate concentrations were greater than 
14 µM and when water residence time was 6 - 7 tidal cycles (Wooldridge et al., 1989; Hilmer & 
Bate, 1991; Adams & Bate, 1999; Scharler, 2000). Scharler (2000) recorded a bloom in the 
middle and upper reaches of the Sundays Estuary and recorded a mean chlorophyll biomass 
of 22 µg l-1 at nitrate concentrations of 33 µM in the upper reaches. Similarly in the Great Fish 
Estuary, consistent freshwater inflow carrying a high nutrient load supported a high (>20 µg l-1) 
phytoplankton biomass (Allanson & Read, 1995). High (>20 µg l-1) chlorophyll a levels are a 
persistent feature in the upper reaches of the Sundays Estuary. This has been found to be the 
most productive region, which was also evident in this study. Calm conditions in this area 
allowed the phytoplankton time to utilise the nutrients. Water residence time is important and 
allows for phytoplankton biomass to increase (Adams & Bate, 1994a; Gameiro & Brotas, 
2010). However, residence time is not easy to measure and this is a problem since realistic 
simulation of phytoplankton populations depend on accurate interpretations of mixing 
processes in estuaries (Cloern, 1991). 
 
Based on the definitions of Hilmer & Bate (1991) the Sundays Estuary had both longitudinal 
and vertical salinity gradients during all sampling trips and this was supported by significant 
differences (p <0.05) between salinity with distance and depth. Stratification is often highest in 
the middle of the estuary (Wooldridge & Bailey, 1982; Emmerson, 1989; Hilmer & Bate, 1990; 
MacKay & Schumann, 1990) and this was also evident in the current study. The REI zone 
defined by Bate et al. (2002b) is an important mixing zone in South African estuaries where 
average vertical salinity values are generally less than 10 ‰ and where high biological activity 
occurs. The strength and size of the REI zone is influenced by freshwater inflow and also the 
rate of base flow and flooding (Bate et al., 2002b). In their study (results based on Snow et al., 
2000a) on the Gamtoos Estuary they found the highest mean chlorophyll a of 115 µg l-1 was 
recorded in the upper reaches where the REI zone was situated at a flow rate of 1 m3 s-1. The 
dataset used for this study on the Sundays Estuary showed that the REI zone occurred from 
12.5 km upstream of the mouth of the estuary where high phytoplankton biomass (>20 µg l-1) 
was also found. High subtidal and intertidal benthic chlorophyll a was also found 12.5 km from 
the mouth.  
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Hilmer (1990) explained the distribution of phytoplankton chlorophyll a in connection with the 
hydrodynamic features of the estuary. In the lower reaches of the estuary the biomass was 
lower because the bathymetry is uneven and deep and promotes turbulent mixing. As a result, 
phytoplankton experience rapid changes in salinity and flushing time (1 to 2 tidal cycles), which 
would result in death and rapid flushing out to sea. The middle and upper reaches of the 
estuary are shallower and have longer residence time (Hilmer, 1990) and semi-closed 
circulation occurs (Wooldridge et al., 1989; Jerling, 1993; Adams & Bate, 1996; MacKay, 
1988). These findings correspond with the findings of the current study.  
 
Nutrient concentrations generally peaked in the middle reaches of the Sundays Estuary during 
all sampling periods. This could be due to groundwater seepage in the middle reaches, but the 
river could also be a major source of nutrients to the estuary as there were higher 
concentrations in the middle to upper reaches of the estuary. Scharler (2000) also recorded a 
decreasing nutrient gradient for nitrate, nitrite, ammonium and soluble reactive phosphorus 
concentrations from the middle and upper reaches to the lower reaches of the estuary. The 
Sundays River has previously been found to have higher nitrate concentrations (66.8 µM) than 
the upper reaches (33.6 µM) of the estuary (Watling, 1982; Emmerson, 1989; Scharler & 
Baird, 2003). Soluble reactive phosphorus concentrations were found to be the same (0.65 
µM) in the river and the upper reaches of the estuary (Scharler, 2000). Silicate concentrations 
were higher (85 to 114 µM) in the middle to upper reaches (Emmerson, 1989). During this 
study nutrient concentrations at the head of the estuary were also recorded to be high and it 
was concluded that the river supplied high TOxN, SRP and silicate concentrations to the 
estuary. However, this was not the case with ammonium as these concentrations were higher 
in the middle reaches of the estuary for this current study. High silicate concentrations (131 to 
227 µM) were found during the present study and high reactive silicate concentrations often 
occur in terrestrial run-off, depending upon catchment characteristics (Eagle & Bartlett, 1984). 
Therefore high silicate concentrations are considered to be characteristic of the Sundays River 
catchment and not the result of anthropogenic inputs as is the case with nitrate and 
phosphorus.  
 
Inorganic nutrient concentrations in the Sundays Estuary have increased over time (from 1989 
to 2008) and the estuary has become nutrient rich. For instance ammonium concentrations 
increased from 2.1 to 10 µM, TOxN from 1.39 to 10 µM, SRP from 0.1 to 6 µM, and silicate 
46.4 to 227 µM (Emmerson, 1989; Hilmer, 1990; Scharler, 2000; Table A.6, Appendix). This 
increase in nutrient concentrations (nitrate and phosphorus) is favourable for the development 
of the dense phytoplankton blooms that have been recorded (e.g. diatoms, dinoflagellates and 
chlorophytes). In recent times, there has been an increase of bloom-forming algae in estuaries 
worldwide and this is attributed to increased levels of nutrients entering these waters (NRC, 
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2000; Ohrel & Register, 2006; Heisler et al., 2008). It is therefore very important for these 
blooms to be detected, especially if the bloom-forming species produce toxins (Domingues et 
al., 2008). 
 
This study showed that in the Sundays Estuary blooms could consist of dinoflagellates, 
diatoms, green algae and flagellates. Under low to medium flow conditions diatoms and 
dinoflagellates were dominant whereas under high flow conditions flagellates and green algae 
occurred. A flood occurred in the Eastern Cape region on the 2nd of August 2006 and sampling 
took place on 17 August. This event accounted for the dominance of the freshwater flagellate 
at the head of the estuary and the decreasing gradient in cell density towards the mouth of the 
estuary. A freshwater flagellate (Chlamydomonas sp.) was the dominant phytoplankton 
species in March 2007. Only for this sampling session was the chlorophyll a maximum (145.2 
and 237.4 µg l
-1
 at 0.2 and 4.1 km respectively) found in the lower reaches of the estuary. High 
rainfall that occurred before sampling (4th and 5th of March) and an increase in flow most likely 
transported the flagellate to the lower reaches of the estuary, but complete flushing out to sea 
did not occur. During the spatial and temporal study, flagellates were found to be dominant 
when nutrients were possibly depleted by other algal groups. 
 
Diatom blooms were recorded during February and August 2008 in the middle to upper 
reaches of the estuary. Strong positive correlations (p <0.05) were found between 
phytoplankton biomass and diatoms for these trips (r = 0.96 and 0.92 respectively). The diatom 
cell numbers were associated with high pH and low salinity water in the upper reaches. In 
February 2008 Cyclotella atomus occurred in bloom concentrations and in August 2008, C. 
atomus and two other centric diatoms, namely, Cyclostephanus dubius and Stephanodiscus 
hantzshia Grunow occurred in blooms. The diatom cell numbers ranged between 11 028 and 
66 886 cells ml-1. Jerling & Wooldridge (1995b) also recorded a bloom (13 000 cells ml-1) of 
centric diatoms in the middle and upper reaches of the Sundays Estuary after a flood in 
November 1989. Cyclotella atomus has been found in plankton of electrolyte-rich waters 
(Taylor et al., 2006) and has been associated with high nutrient concentrations, particularly 
total phosphorus. Cyclostephanus dubius has been reported to be a freshwater planktonic 
species (Round, 1971) found in inland waters with high chloride concentration and in 
calcareous, alkaline waters (Taylor et al., 2006). Stephanodiscus hantzschii Grunow is a 
common, planktonic species found in rivers and lakes with elevated electrolyte concentrations. 
The presence of these planktonic diatom species in the Sundays Estuary indicated nutrient-
rich conditions. The individual descriptions of these diatom blooms indicate that they are of 
riverine origin. Lucas (1986) showed in the Great Fish Estuary that it is possible for microalgal 
species of riverine origin to be introduced into the estuary by riverwater.  
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Past studies have shown that dinoflagellates form dense blooms during neap tides when 
vertical salinity stratification and the difference in surface and bottom waters are greater than 5 
‰ (Hilmer & Bate, 1991; Margalef, 1978). In this study a dinoflagellate bloom (18 951 cells ml-
1) occurred in June 2008 in the surface waters at 12.5 km from the mouth. The dinoflagellate 
bloom contributed to the high chlorophyll a biomass (99.5 µg l-1) and this was supported by a 
strong positive correlation between dinoflagellate cell numbers with chlorophyll a (r = 0.97; p 
<0.05; n = 25). Vertical stratification during this sampling period was 8.2 ‰. The dinoflagellate 
bloom was also correlated with high ammonium and pH (r = 0.63 and 0.67; p <0.05; n = 25). In 
other studies dinoflagellates have been shown to have a wide salinity range, 20 to greater than 
38.6 ‰ (Weise et al., 2002; Lee et al., 2003; Armi et al., 2009). Hilmer & Bate (1991) and 
Jerling & Wooldridge (1995b) previously found a dinoflagellate bloom of Katodinium 
rotundatum in the upper reaches of the Sundays Estuary when stable stratified conditions were 
well-defined. Chan & Hamilton (2001) found dinoflagellate blooms occurring at low flows in the 
Swan Estuary that were correlated with long residence times which provided the time needed 
for cells to bloom.  
 
A classification scheme of median phytoplankton chlorophyll a (Table A.4, Appendix) from 
Snow (2007) was used to place the microalgal biomass results in context and in comparison to 
other estuaries. The median chlorophyll a concentrations from August 2006, March 2007, 
February 2008, June 2008 and August 2008 were 15.2, 4.1, 3.2, 1.3 and 7.6 µg l
-1
, 
respectively. According to the classification scheme these represented high, medium, medium, 
low, and medium concentrations respectively, compared to other estuaries. The overall 
chlorophyll a for the estuary for the present study including all sampling trips was 17.3 ± 2.2 µg 
l
-1, which is comparable with the results of Scharler (2000) for the Sundays Estuary. Hilmer 
(1990) measured a mean chlorophyll a concentration of 13.4 ± 1.6 µg l-1 (median = 10.3, n = 
1980; classified as high). 
 
The overall mean benthic chlorophyll a during this current study period was 14.2 ± 2.8 µg g
-1
 
for subtidal and 10.9 ± 1.9 µg g
-1
 for the intertidal area. The highest benthic biomass was found 
at 12.5 km from the mouth during all sampling trips. This site was turbid, the intertidal area 
consisted of compacted clay, whereas the subtidal sediment was sandy, and the water column 
was strongly stratified. It is possible that the deposition of phytoplankton cells contributed to 
high benthic chlorophyll a. Furthermore, low flows possibly resulted in increased sediment 
stability which in turn supported high benthic microalgal biomass. A study in the Gamtoos 
Estuary showed that flow less than 1 m3 s-1, resulted in the development of epipelic diatom 
biofilms and subsequently high microphytobenthos biomass (Adams & Bate, 1999; Snow, 
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2007). Sandy silts and exposed habitats usually support a lower microalgal biomass than 
sheltered sites that are dominated by fine cohesive sediment (MacIntyre et al., 1996; 
Underwood & Kromkamp, 1999). The results of the current study were also comparable with 
findings in the Kwelera Estuary where the distribution of microphytobenthic biomass was found 
to be strongly influenced by position along the longitudinal gradient (Walker, 2003). Adams & 
Bate (1994a) also found that the chlorophyll a concentrations were highest in the middle 
reaches of the Swartkops Estuary compared to the mouth and upper reaches. Deductions from 
Walker (2003) were that the more turbulent hydrological conditions together with loose 
sediment in the mouth area did not support microphytobenthos biomass as low levels were 
consistently found in the sandy sediments near the mouth whereas higher concentrations were 
found in muddier sites.  
 
Sediment with a relatively high organic content (>3 %) have previously been reported to have 
a high moisture holding capacity which provides a stable environment for microphytobenthos in 
the intertidal zone (Snow, 2007). This was evident from this study on the Sundays Estuary as 
the sediment samples had higher organic content (>3 %) and moisture content (>30 %) from 
12.5 km upstream, coinciding with high microphytobenthos biomass found in this region i.e. 
benthic chlorophyll a was positively correlated with sediment moisture and organic content.  
Water column ammonium concentrations also peaked in the middle reaches of the Sundays 
Estuary and could have contributed to the high benthic chlorophyll a concentrations. A study 
by Snow (2007) on Cape estuaries of South Africa showed that the remineralisation of 
nutrients from the sediment, particularly ammonium, was the main source of nutrients in the 
middle reaches. In this area deposition exceeds the re-suspension of sediment (Postma, 1967; 
Delgado et al., 1991) and as a result allows for greater retention of nutrient-rich organics, 
which were a source of ammonium ions and these conditions allowed for microalgal 
colonization by diatoms. Furthermore, during this study, cattle and benthic cyanobacterial mats 
were observed in the intertidal zone at 12.5 km from the mouth which could have also 
contributed to the high benthic chlorophyll a levels at this site.  
 
A study by Snow (2007) mainly focused on the intertidal benthic chlorophyll a, hence only a 
classification scheme for intertidal benthic chlorophyll a was developed (Table A.4, Appendix). 
Localised peaks in phytoplankton and benthic chlorophyll a (e.g. patch of cyanophytes in the 
intertidal zone) are frequently measured in estuaries and can be the result of point source 
discharges of nutrients. As a result, these peaks do not represent the state of the estuary and 
the median benthic chlorophyll a concentration, instead of the average concentration was used 
in the classification scheme to reduce the importance of these peaks and compare the 
estuary’s microalgal biomass based on overall content. Mean intertidal benthic chlorophyll a for 
February, June and August 2008 in the Sundays Estuary were 15.7, and 6.4, 4.0 µg g-1 with 
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median concentrations of 5.1, 5.3 and 4.2 µg g-1, respectively. Based on the median 
chlorophyll a classification scheme by Snow (2007), the estuary can be classified as having 
low intertidal biomass on all three occasions. Snow (2007) measured a mean intertidal 
chlorophyll a of 10.2 ± 1.0 µg g-1 in July 2002 (median = 8.5 µg g-1; classified as high); and 9.1 
± 1.0 µg g-1 in February 2003 (median = 8.0; classified as high) in the Sundays Estuary. This 
was related to increased nutrient concentrations and the sedimentation of flocculated material 
containing microalgal cells.  
 
6.2. WEEKLY RESPONSES 
 
The aim of this study was to investigate the development of phytoplankton blooms in the 
Sundays Estuary over a five week period and to describe the conditions that supported the 
formation of the blooms. Phytoplankton blooms (>20 µg l-1) were found during Weeks 1, 4 and 
5 from the middle to the upper reaches of the estuary. This was also supported by the negative 
correlation between phytoplankton biomass and salinity (r = -0.39, p <0.05, n = 87). Diatom 
species (Cylindrotheca closterium, Cyclotella atomus and Cyclostephanus dubius) occurred in 
bloom concentrations during these weeks. The reduction in chlorophyll a (mostly at the top 1 
m) in Week 3 could probably be from wind mixing of the water column and weak vertical 
stratification (6.7 ‰). Vertical mixing, as a result of coastal winds is typical in exposed and 
shallow estuaries (Snow & Adams, 2007; Snow & Taljaard, 2007) that are generally less than 
2 m deep. Mixing associated with turbulent conditions may discourage the formation of blooms 
because of the physical dispersion of cells (Weise et al., 2002). Mackay & Schumann (1990) 
found that strong winds in the Sundays Estuary moved the bloom to either bank only when it 
was close to the surface, as the effect of mixing due to the wind was found to be limited to the 
uppermost 0.5 m of the water column. Moreover, during the second and third week of sampling 
temperature was lower than the first week and a strong cold front (17 to 24 ºC) occurred from 
17 to 19 March that appeared to mix the water column quite well and weakened the bloom. 
This drop in temperature may also be accountable for the decline in chlorophyll a, and 
chlorophyll a was only positively correlated with temperature during Weeks 3 and 5. Calm and 
warmer conditions were experienced again, and in Weeks 4 and 5 the bloom seemed to 
gradually strengthen at 12.5 km from the mouth (90 to 167 µg l-1).  
 
During this study, there was a negative correlation observed between mean chlorophyll a and 
mean Secchi depth (r = -0.55; p <0.05; n = 25). This suggests that where water clarity was low, 
mean chlorophyll a was high as the dense blooms (>75 µg l-1) decreased light penetration.  
 
Positive correlations were observed between dinoflagellate cell numbers and phytoplankton 
biomass during Weeks 1 and 3. According to Margalef (1978) and Hilmer & Bate (1991) 
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dinoflagellates are dominant in an estuary when nutrient concentrations are high and in stable 
stratified conditions. In this study dinoflagellates also occurred during stratified conditions. 
Dinoflagellates are active swimmers and are capable of maintaining themselves in the 
euphotic zone and access nutrients at depth if depleted in surface waters, while less motile 
phytoplankton may sink out of the euphotic zone or become nutrient limited (Margalef, 1978; 
Hilmer & Bate, 1991; Cullen & MacIntyre, 1998).  
 
Flagellates were present throughout the study and were the dominant group during Weeks 2 to 
4. Positive correlations with chlorophyll a were only observed during Weeks 1 and 2. A similar 
pattern of flagellates as the dominant phytoplankton group was also observed in results 
obtained by Adams & Bate (1999) in the Berg, Palmiet, Goukou, Gourits, Great Brak, 
Keurbooms, Gamtoos and Sundays. All of the estuaries that were studied displayed horizontal 
and vertical salinity gradients, which indicated that the estuaries provided the stratified 
condition that flagellates relate to. Flagellate cell numbers have been shown to increase during 
periods of nutrient depletion but also when stratification sets in (Margalef, 1978).  
 
Carstensen et al. (2004) stated that blooms develop from the active growth of phytoplankton 
populations which must be accompanied by the input of new nutrients to the surface water. For 
this study on the Sundays Estuary high chlorophyll biomass was mainly associated with 
flagellates and diatoms, and the diatom species Cyclotella atomus, Cyclostephanus dubius 
and Cylindrotheca closterium made up most of the diatom blooms observed. Diatoms have 
been shown to be the most favourable phytoplankton group in well mixed, nutrient-rich waters 
(Margalef, 1978; Lukatelich & McComb, 1986b; Lassen et al., 2004; Domingues et al., 2005). 
The dominant diatom species found during this study corresponded with previously reported 
bloom species that have been identified for the Sundays Estuary. In 2008 C. atomus, C. 
dubius and Stephanodiscus hantzshia occurred in blooms in the middle to upper reaches of 
the estuary (spatial and temporal responses study). Similarly in this study, diatom blooms of C. 
atomus and C. dubius were commonly found around 8, 9.9, 12.5 and 16.3 km from the mouth. 
Jerling & Wooldridge (1995b) also recorded a bloom of centric diatoms in the middle and upper 
reaches of the Sundays Estuary. Cylindrotheca closterium blooms occurred on 13 March 2009 
at 8 and 9.9 km from the mouth. This species has never been recorded in blooms in the 
Sundays Estuary before.  
 
Cyclotella atomus was first observed by Hustedt (1938) from lakes in Java and Sumatra, and 
in freshwater habitats in the Pacific islands (Hustedt, 1957; Huber-Pestalozzi, 1942). It has 
also been recorded in brackish water in the upper part of Oslo Fjord and near Bergen, with 
salinity of 15 - 20 and 30 ‰ respectively (Hasle, 1962). In South Africa, Schoeman & Archibald 
(1976) have reported it from the Fish and Sundays rivers. For this current study C. atomus 
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occurred at salinity ranging from of 8 to 23 ‰. Cyclotella atomus has been shown to grow well 
at 15 to 20 °C but can also tolerate higher temperatures. Cyclostephanus dubius is a 
freshwater planktonic species (Round, 1971) and in this study this species occurred at salinity 
of 6 ‰ and at nutrient concentrations of 7 to 29; 1.15 to 1.19; 0.22 and 157 µM for ammonium, 
nitrate, SRP and silicate, respectively. Cylindrotheca closterium was found at a salinity range 
of 16 to 39 ‰ by Bate et al. (2004) and this species was recorded in the Sundays, Olifants, 
Gourits and Keurbooms estuaries. The salinity range for this species in this study was between 
8 and 23 ‰. This species has been reported to be cosmopolitan and has also been found in 
brackish waters, and in saline inland waters (Witkowski et al., 2000; Taylor et al., 2006).  
 
Nanoplankton contributed on average 55 - 79 % to the total phytoplankton biomass in the 
weeks sampled. Results from this study are also supported by the findings of Revelante & 
Gilmartin (1978); Malone (1980); Iriate & Purdie (1994); Lassen et al. (2004) and Verity & 
Borkman (2010) where nanophytoplankton were found to be the dominant size class in 
estuaries. Nanoplankton have also been found to be dominant in South African temporarily 
open/closed estuaries (Perissinotto et al., 2000; Froneman, 2000; Thomas et al., 2005). They 
are able to out-compete larger species for nutrients and light because of their small size and 
large surface to volume ratio (van den Hoek et al., 1995). Nanophytoplankton are able to 
propel themselves to zones of greater light intensity and can therefore achieve much higher 
biomass than microphytoplankton because of their competitive advantage during periods of 
decreased light, (Thomas et al., 2005). Aquatic systems that are poor in nutrients have been 
shown to support small-sized phytoplankton because these microalgae show rapid rates of 
nutrient uptake and high turnover rates that suggest that nutrients in short supply are quickly 
taken up by picoplankton due to their large surface area to volume ratios (Goldman & Gilbert, 
1983; Armstrong, 1994; Fisher et al., 1995; Kirchman, 2000). However, the Sundays Estuary is 
not nutrient depleted and the nanoplankton group was constantly dominant.  
 
According to Froneman (2002a) total primary production increases subsequent to freshwater 
inflow (indicated by decreased salinity values) into the estuary, it is likely to find large 
phytoplankton cells, mainly diatoms, which contribute to total daily production. Grange et al. 
(2000) indicated that the continuous inflow of freshwater in permanently open estuaries 
ensures that the phytoplankton size structure remains constant throughout the season. 
Phytoplankton size structure in the Sundays Estuary throughout the sampling sessions was 
consistently maintained and dominated by the nanoplankton size group. In contrast, the size 
structure of the phytoplankton community is highly variable in temporarily open/closed 
estuaries due to the sporadic inflow of freshwater. For instance, in Van Stadens Estuary 
(Gama, 2008) microphytoplankton was the dominant (>65 %) size group when the mouth was 
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open but accounted for 55 % of the chlorophyll biomass during closed mouth conditions. 
Similarly in the Kasouga Estuary nano- and microphytoplankton was dominant when the mouth 
was opened but during closed mouth phase picophytoplankton were dominant (Froneman, 
2002a). In the East Kleinemonde Estuary after a 4-week period following mouth breaching, 
nanophytoplankton contributed 67 % to total biomass followed by picoplankton (27 %) 
(Whitfield, 2008; van Niekerk et al., 2008). The nanophytoplankton group was the dominant 
size class in Mngazi Estuary (Snow, 2007) during the open mouth phase and in other 
temporarily open/closed estuaries such as the Mdloti and Mhlanga estuaries (Perissinotto et 
al., 2003; Thomas et al., 2005) and Nyara Estuary (Walker, 2003). 
 
Generally, diatoms and flagellates were the most abundant taxa in this study dominating and 
succeeding each other (Table B.3, Appendix). Diatom blooms were mostly found in the middle 
to upper reaches. Flagellates were found in the estuary at all times and along the entire length 
of the estuary. Phytoplankton succession was not strongly exhibited in this study, but other 
studies have shown succession and environmental factors which stimulate changes in the 
dominant groups. A variety of physico-chemical factors have been found to affect 
phytoplankton succession and biomass but the interaction of the physico-chemical factors is 
most important (Chan & Hamilton, 2001). Phytoplankton communities have rapid successional 
shifts as a response to the changing environment (Marshall & Nesius, 1996; Glibert et al., 
1995; Gallegos, 1992). In the Swan Estuary, flow was found to be the main cause of 
phytoplankton succession (Chan & Hamilton, 2001) by having an effect on succession 
between marine, estuarine and freshwater phytoplankton taxa. Freshwater discharge affected 
residence time available for different phytoplankton taxa to grow. Fisher et al. (1992); Kocum 
et al. (2002); Rocha et al. (2002); Domingues et al. (2005); Lopes et al. (2007) and Barbosa et 
al. (2010) found a relationship between phytoplankton succession and nutrient ratios. Diatom 
spring blooms have been shown to collapse because of silica limitation. Spring diatom blooms 
were succeeded by green algal late in spring when there was low Si and high N:P ratios and in 
other cases cyanobacteria bloom developed in summer (increased temperature) when N:P 
ratio and Si were low.  
 
According to Vanni & Temte (1990) phytoplankton community composition is caused by the 
interaction of structuring factors that have changing relative strengths. This means that the 
causes for bloom development may be a combination of localized factors. Factors interacting 
to allow biomass development, where certain species out-compete others are not fully 
understood and may be different for each aquatic ecosystem. Phytoplankton blooms may be 
initiated at a specific spot and spread to a wider area. The bloom may be associated with 
specific combinations of physical and chemical variables as well as species composition at 
particular depths (Horner Rosser, 2004).  
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Findings from the spatial and temporal study were also supported by the findings from this 
weekly study. Phytoplankton blooms (>20 µg l-1) were also recorded during the five week study 
from 8 km from the mouth upstream. High benthic biomass was found in the same area of the 
estuary as high water column chlorophyll a. This study also showed that phytoplankton and 
benthic species composition were similar for specific sites. It is suspected that deposition of 
phytoplankton cells occurred. Dinoflagellates and flagellates were present in the benthic 
samples. These are water column species and they depend on flagella for movement within 
the water column (Tomas, 1997). Therefore, their presence in the benthic samples 
emphasises the possibility of pelagic cells settling out of the water column. 
 
 
 7. GENERAL CONCLUSIONS AND RECOMMENDATIONS 
 
Phytoplankton biomass (chlorophyll a) can be used to indicate eutrophication. On the other 
hand, changes in the dominant phytoplankton groups indicate changes in water quality and 
quantity. In this study phytoplankton blooms (>20 µg l-1) were associated with low salinity in the 
middle to upper reaches of the Sundays Estuary. Low salinity is important and indicates 
nutrient-rich freshwater inflow which in turn stimulates high chlorophyll a (Abreu et al., 2010). 
This is the first study on the Sundays Estuary to show that blooms can consist of different 
microalgal groups. These include blooms of green algae (in August 2006), flagellates (in March 
2007), dinoflagellates (in June 2008) and diatom species (in February and August 2008). 
Hilmer & Bate (1991) and Jerling & Wooldridge (1995b) reported on dinoflagellate blooms. 
However, this study has shown that blooms can consist of both diatoms and dinoflagellates 
during low flow and blooms of green algae and flagellates were also recorded. Dinoflagellates 
occurred during stratified conditions. Diatoms mostly occurred in the middle reaches of the 
estuary whereas flagellates occurred throughout the estuary. Dense blooms (>75 µg l-1) were 
found to decrease light penetration. This is also the first study to show that possible deposition 
of phytoplankton cells contribute to the subtidal benthic biomass and community composition. 
The benthic chlorophyll a was consistently highest at 12.5 km from the mouth which was 
associated with fine sand (125 - 250 µm). High benthic microalgal biomass was recorded when 
flows into the estuary were low. The sediment was more stable under these conditions and 
hence microalgal biomass was higher.  
 
The weekly study was conducted in order to determine the short-term variability of 
phytoplankton composition and biomass in response to physical, chemical and climatic factors. 
This has previously been done in the Sundays Estuary by Hilmer & Bate (1991) where a 
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dinoflagellate bloom was observed over a 24 hour period in the upper stratified reaches of the 
estuary. From the five week sampling period no one factor could be identified as the driver or 
trigger of phytoplankton blooms. However, it was shown that diatoms occurred in blooms 
during warm, calm conditions whereas wind-mixing and reduced temperature promoted the 
dominance of flagellates throughout the estuary and they were present at all times. Until we 
understand individual species requirements it is difficult to predict the environmental variables 
that each species or functional groups most prefer and which may affect them negatively. The 
dominant bloom forming diatom species were those that have been reported to be associated 
with nutrient-rich conditions. Similar diatom species were found in the blooms that occurred in 
2008 and 2009. Changes in species composition and dominance can occur on a time scale of 
a couple of days. Additionally, physical, chemical and climatic conditions vary over different 
time scales. This means that it is possible to miss changes with the traditional monthly or bi-
weekly sampling as phytoplankton have delayed responses, and do not respond to the 
conditions at that time of sampling but respond rather to what has previously happened. 
Frequent sampling is recommended, during different seasons and at different flow regimes to 
capture as many changes as possible. Continuous monitoring would be needed to capture 
bloom events as they can occur unexpectedly and usually do not coincide with scheduled 
sampling sessions. It is also difficult to determine the important driving factors because of the 
interaction of different forces at the same time. However it was concluded that nutrient 
concentrations in the Sundays Estuary have increased over time and this increase in nutrients 
supports the different types of phytoplankton blooms in the estuary, which seem to occur more 
frequently in recent times.   
 
Basic data from different research studies needs to be made available for future studies. For 
the current study, difficulties were experienced in terms of using raw data from studies 
previously completed on the Sundays Estuary for comparison purposes. Likewise, records of 
long-term datasets need to be kept so that the range of the natural variation between and 
within estuaries on a seasonal and interannual basis can be established. By so doing, the 
different types of estuaries can be better understood and efficiently managed. This study has 
contributed to an understanding of microalgal responses in a nutrient-rich permanently open 
estuary. Some of the results of this study were used as part of a study to provide specialist 
input on the microalgal component for the determination of the ecological water requirements 
for the Sundays Estuary. 
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 9. APPENDICES 
 
Appendix A. Tables and figures of physico-chemical and biological data (spatial and temporal 
responses study). 
 
Table A.1. Mean salinity (‰) for each site and longitudinal and vertical salinity gradients for different 
sampling sessions in the Sundays Estuary. Shaded blocks indicate the existence of the REI zone 
where salinity was less than 10 ‰ and where longitudinal and vertical salinity gradients were 
present. 
 
REI ZONE 
Distance from 
the mouth (km) 17-08-06 29-03-07 19-02-08 03-06-08 16-08-08 
0.2 15.8 10.9 27.1 27.5 28.2 
3.8 14.5 21.2 27.5 28.8 25.4 
8 7.6 14.8 21.6 18.8 19.4 
9.9 0.7 14.1 11.9 15.2 15.8 
12.5 Site not sampled Site not sampled 5.9 10.3 7.6 
16.3 0.6 1.3 2.4 2.1 1.6 
21.9 0.6 1.4 2.2 2.0 1.6 
Longitudinal 15.2 9.5 24.9 25.5 26.6 
Vertical 5.4 9.7 5.4 8.2 7.1 
 
Table A.2. Mean chlorophyll a for 1 m depth at different sites in the Sundays Estuary from August 
2006 to August 2008. Shaded blocks indicate high chlorophyll a (>20 µg l-1). 
 
Distance from 
the mouth (km) 17-08-06 29-03-07 19-02-08 03-06-08 16-08-08 
0.2 3.61 114.3 2.4 1.5 4.2 
3.8 13.0 134.5 4.2 1.5 2.1 
8 14.2 13.8 2.4 1.0 5 
9.9 19.7 3.69 2.6 0.8 10.6 
12.5 Site not sampled Site not sampled 4.3 56.4 51.8 
16.3 19.6 1.9 34.4 4.1 69.5 
21.9 18.1 1.2 73.6 1.5 66.7 
 
Table A.3. Dominant (>10 % relative abundance) phytoplankton groups per site in the Sundays 
Estuary. 
 
Distance from 
the mouth (km) 17-08-06 29-03-07 19-02-08 03-06-08 16-08-08 
0.2 Green algae Flagellates Green algae Diatoms Flagellates 
3.8 Flagellates Not sampled Green algae Flagellates Flagellates 
8 Flagellates Flagellates Green algae Flagellates Flagellates 
9.9 Flagellates Not sampled Green algae Flagellates Diatoms 
12.5 Not sampled Not sampled Green algae Dinoflagellates Diatoms 
16.3 Flagellates Not sampled Green algae Dinoflagellates Diatoms 
21.9 Flagellates Green algae Diatoms Dinoflagellates Diatoms 
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Table A.4. Classification schemes of median water column phytoplankton and intertidal benthic 
microalgal chlorophyll a (Snow, 2007). 
 
Phytoplankton chlorophyll a Benthic microalgal chlorophyll a 
Biomass Class Median Chl a (µg l-1) Biomass Class Median Chl a  (µg g-1) 
Very Low <1.0 Very Low <3.5 
Low 1 - 3.5 Low 3.5 – 7.2 
Medium 3.5 – 8 Medium 7.2 – 13.4 
High >8 High >13.4 
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Figure A.1. Secchi depth along the Sundays Estuary in August 2006, March 2007 and August 2008. 
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Figure A.2. pH along the Sundays Estuary in March 2007, February, June and August 2008. 
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(a)  (b)  
(c)  (d)  
(e)  (f)  
 
Figure A.3 Phytoplankton distribution and density (cells ml-1) along the Sundays Estuary in 
February 2008 with (a) flagellates, (b) diatoms, (c) dinoflagellates, (d) blue green algae (e) 
chlorophytes and (f) other groups. 
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(a)   (b)  
(c)   (d)  
(e)  
 
Figure A.4. Phytoplankton distribution and density (cells ml-1) along the Sundays Estuary in June 
2008 with (a) flagellates, (b) diatoms, (c) dinoflagellates, (d) chlorophytes (e) and other groups. 
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(a)  (b)  
(c)  (d)  
(e)  
 
Figure A.5. Phytoplankton distribution and density (cells ml-1) along the Sundays Estuary in August 
2008 with (a) flagellates, (b) diatoms, (c) dinoflagellates, (d) chlorophytes and (e) other groups. 
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(a)  (b)  
(c)  
 
Figure A.6. Total phytoplankton distribution and density (cells ml-1) along the Sundays Estuary in 
February, June and August 2008. 
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A
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D
om
in
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t 
(>
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 %
 r
el
at
iv
e 
ab
un
da
nc
e)
 b
en
th
ic
 d
ia
to
m
 s
pe
ci
es
 in
 F
eb
ru
ar
y 
an
d 
Ju
ne
 2
00
8.
 D
is
tr
ib
ut
io
n 
fr
om
 K
ra
m
m
er
 &
 
La
ng
e-
B
er
ta
lo
t (
19
86
);
 H
ar
tle
y 
(1
99
6)
; L
an
ge
-B
er
ta
lo
t (
20
00
);
 W
itk
ow
sk
i e
t a
l. 
(2
00
0)
, B
at
e 
et
 a
l. 
(2
00
4)
 a
nd
 T
ay
lo
r 
et
 a
l. 
(2
00
6)
. 
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E
 
N
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S
 
S
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S
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A
M
E
S
 &
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U
T
H
O
R
IT
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S
 
D
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T
R
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U
T
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N
 
A
m
p 
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le
 
 
A
m
ph
or
a 
he
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ne
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is
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W
id
es
pr
ea
d 
(c
os
m
op
ol
ita
n)
 m
ar
in
e 
sp
ec
ie
s 
fo
un
d 
fr
om
 th
e 
A
rc
tic
 to
 S
ou
th
 A
fr
ic
a,
 a
nd
 
in
 th
e 
w
es
te
rn
 B
al
tic
 S
ea
. A
 b
ra
ck
is
h 
sp
ec
ie
s 
(A
rc
hi
ba
ld
, 1
98
3)
. F
ou
nd
 in
 S
w
ar
tk
po
s 
E
st
ua
ry
 a
t 2
4-
26
 ‰
 (
B
at
e 
et
 a
l.,
 2
00
4)
. 
A
m
p 
st
ri 
A
m
ph
or
a 
st
rig
os
a 
H
us
te
dt
 
 
A
 c
os
m
op
ol
ita
n 
sp
ec
ie
s 
ab
un
da
nt
 in
 s
al
in
e 
ha
bi
ta
ts
 (
La
ng
e-
B
er
ta
lo
t, 
20
00
).
 
C
at
 r
ob
u 
C
at
en
ul
a 
ro
bu
st
a 
sp
ec
 n
ov
. M
er
es
ch
ko
w
sk
y 
F
ou
nd
 a
t 2
8 
‰
 a
t 8
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 fr
om
 th
e 
m
ou
th
 in
 th
e 
su
bt
id
al
 (
T
hi
s 
st
ud
y)
.  
C
oc
 e
ng
e 
C
oc
co
ne
is
 e
ng
el
br
ec
ht
ii 
C
ho
ln
ok
y 
 
E
nd
em
ic
 S
ou
th
 A
fr
ic
an
 s
pe
ci
es
 o
cc
ur
s 
in
 a
lk
al
in
e 
in
la
nd
 w
at
er
s 
w
ith
 h
ig
hl
y 
el
ev
at
ed
 
el
ec
tr
ol
yt
e 
co
nc
en
tr
at
io
ns
 (
i.e
. b
ra
ck
is
h 
w
at
er
s-
A
rc
hi
ba
ld
, 1
98
3)
. F
ou
nd
 in
 B
re
ed
e 
E
st
ua
ry
 a
t 1
 ‰
 (
B
at
e 
et
 a
l.,
 2
00
4)
. 
C
yc
 m
en
e 
C
yc
lo
te
lla
 m
en
eg
hi
ni
an
a 
K
üt
zi
ng
 
 
H
as
 a
 c
os
m
op
ol
ita
n 
di
st
rib
ut
io
n 
in
 th
e 
be
nt
ho
s 
an
d 
pl
an
kt
on
 o
f e
ut
ro
ph
ic
, e
le
ct
ro
ly
te
 
ric
h 
riv
er
s,
 s
tr
ea
m
s 
an
d 
la
ke
s 
(H
ar
tle
y,
 1
99
6;
 T
ay
lo
r 
et
 a
l.,
 2
00
6)
. 
D
ip
 c
fs
t 
D
ip
lo
ne
is
  c
f. 
st
ro
em
ii 
H
us
te
dt
 
W
id
es
pr
ea
d 
in
 th
e 
m
ar
in
e 
(H
ar
tle
y,
 1
99
6)
 li
tto
ra
l, 
es
pe
ci
al
ly
 c
om
m
on
 in
 th
e 
br
ac
ki
sh
-
w
at
er
s 
of
 te
m
pe
ra
te
 z
on
e 
(L
an
ge
-B
er
ta
lo
t, 
20
00
).
  
F
al
 te
ne
 
F
al
la
ci
a 
te
ne
ra
 (
H
us
te
dt
) 
D
G
 M
an
n 
B
ra
ck
is
h-
w
at
er
 s
pe
ci
es
, w
id
es
pr
ea
d 
(c
os
m
op
ol
ita
n)
 in
 th
e 
co
as
ta
l a
re
as
, o
cc
as
io
na
lly
 
al
so
 in
 fr
es
hw
at
er
 w
ith
 h
ig
h 
io
n 
co
nt
en
t (
La
ng
e-
B
er
ta
lo
t, 
20
00
).
 
F
ra
 g
ed
a 
F
ra
gi
la
ria
 g
ed
an
en
si
s 
W
itk
ow
sk
i  
 
F
ou
nd
 a
t 1
9-
35
 ‰
 a
t 3
.8
 k
m
 (
su
bt
id
al
) 
an
d 
8 
km
 (
in
te
rt
id
al
) 
fr
om
 th
e 
m
ou
th
 (
T
hi
s 
st
ud
y)
. 
H
an
 c
fb
a 
H
an
tz
sc
hi
a 
cf
. b
ar
di
i L
an
ge
-B
er
ta
lo
t, 
C
av
ac
in
i, 
T
ag
lia
ve
nt
i &
 A
lfi
ni
to
 
F
ou
nd
 a
t 1
2 
‰
 a
t 9
.9
 k
m
 fr
om
 th
e 
m
ou
th
 (
in
te
rt
id
al
) 
(T
hi
s 
st
ud
y)
. 
H
an
 r
ec
t 
H
an
tz
sc
hi
a 
re
ct
a 
H
an
tz
sc
h 
F
ou
nd
 a
t 1
5 
‰
 a
t 8
 k
m
 (
in
te
rt
id
al
) 
fr
om
 th
e 
m
ou
th
 (
T
hi
s 
st
ud
y)
. 
M
as
 p
se
u 
M
as
to
gl
oi
a 
ps
eu
do
ex
ig
ua
 C
ho
ln
ok
y 
B
ra
ck
 w
at
er
 s
pe
ci
es
 (
H
ar
tle
y,
 1
99
6)
. 
M
as
 s
m
it 
M
as
to
gl
oi
a 
sm
ith
ii 
T
hw
ai
te
s 
A
 c
os
m
op
ol
ita
n 
br
ac
ki
sh
-w
at
er
 s
pe
ci
es
, w
id
es
pr
ea
d 
al
so
 in
 fr
es
hw
at
er
 w
ith
 m
od
er
at
e 
an
d 
hi
gh
 e
le
ct
ro
ly
te
 c
on
te
nt
 (
H
ar
tle
y,
 1
99
6)
. 
N
av
 a
bs
c 
N
av
ic
ul
a 
ab
sc
on
di
ta
 H
us
te
dt
 
M
ar
in
e 
sp
ec
ie
s,
 s
o 
fa
r 
kn
ow
n 
fr
om
 th
e 
N
or
th
 S
ea
 (
La
ng
e-
B
er
ta
lo
t, 
20
00
).
 
N
av
 c
el
i 
N
av
ic
ul
a 
ce
lin
ei
 W
itk
ow
sk
i, 
M
et
ze
lti
n 
&
 L
an
ge
-
B
er
ta
lo
t 
M
ar
in
e 
sp
ec
ie
s,
 s
o 
fa
r 
fo
un
d 
in
 th
e 
ty
pe
 lo
ca
lit
y,
 th
e 
B
ea
r 
Is
la
nd
 a
nd
 in
 th
e 
N
or
w
eg
ia
n 
S
ea
 n
ea
r 
N
ar
vi
k 
(L
an
ge
-B
er
ta
lo
t, 
20
00
).
 
N
av
 c
in
c 
N
av
ic
ul
a 
ci
nc
ta
 (
E
hr
en
be
rg
) 
R
al
fs
 
C
os
m
op
ol
ita
n,
 r
el
at
iv
el
y 
co
m
m
on
, m
os
tly
 in
 e
ut
ro
ph
ic
, e
le
ct
ro
ly
te
 r
ic
h 
fr
es
hw
at
er
 to
 
br
ac
ki
sh
-w
at
er
s 
(H
us
te
dt
, 1
97
6;
 K
ra
m
m
er
 &
 L
an
ge
-B
er
ta
lo
t; 
19
86
);
 o
cc
ar
in
g 
sp
or
ad
ic
al
ly
 a
ls
o 
un
de
r 
he
av
ily
 p
ol
lu
te
d 
co
nd
iti
on
s;
 p
er
io
di
ca
lly
 w
et
 h
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ita
ts
 (
sa
lt 
m
ar
sh
es
 a
nd
 ti
da
l f
la
ts
 (
La
ng
e-
B
er
ta
lo
t; 
20
00
).
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A
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on
tin
ue
d 
N
av
 e
rif
 
N
av
ic
ul
a 
er
ifu
ga
 L
an
ge
-B
er
ta
lo
t 
A
 c
os
m
op
ol
ita
n 
sp
ec
ie
s 
fo
un
d 
in
 e
ut
ro
ph
ic
, b
ra
ck
is
h 
w
at
er
s 
(H
ar
tle
y,
 1
99
6)
 o
r 
fr
es
hw
at
er
 w
ith
 v
er
y 
hi
gh
 e
le
ct
ro
ly
te
 c
on
te
nt
 in
 b
ot
h 
he
m
is
ph
er
es
, c
om
m
on
 o
n 
E
ur
op
ea
n 
co
as
ts
 (
La
ng
e-
B
er
ta
lo
t; 
20
00
).
 T
ol
er
an
t o
f c
rit
ic
al
 le
ve
ls
 o
f p
ol
lu
tio
n 
(T
ay
lo
r 
et
 a
l.,
 2
00
6)
.  
N
av
 fr
ug
 
N
av
ic
ul
a 
fr
ug
al
is
 H
us
te
dt
 
F
re
sh
 w
at
er
 s
pe
ci
es
 (
H
ar
tle
y,
 1
99
6)
 
N
av
 h
as
t 
N
av
ic
ul
a 
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st
ea
fo
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is
 C
ho
ln
ok
y 
F
ou
nd
 in
 M
la
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zi
 E
st
ua
ry
 a
t 0
 ‰
 (
B
at
e 
et
 a
l.,
 2
00
4)
 
N
av
 m
ol
l 
N
av
ic
ul
a 
m
ol
lis
 (W
.S
m
ith
) 
C
le
ve
 
W
id
es
pr
ea
d 
(c
os
m
op
ol
ita
n)
, t
ub
e 
dw
el
lin
g 
sp
ec
ie
s 
in
ha
bi
tin
g 
m
ar
in
e 
an
d 
br
ac
ki
sh
-
w
at
er
s 
fr
om
 th
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A
rc
tic
 to
 th
e 
tr
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s,
 fo
un
d 
al
so
 in
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B
al
tic
 S
ea
. A
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un
d 
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S
un
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 &
 Z
in
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az
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iv
er
s 
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at
e 
et
 a
l 2
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4)
. 
N
av
 p
er
m
 
N
av
ic
ul
a 
pe
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ut
a 
G
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no
w
 
C
om
m
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 c
os
m
op
ol
ita
n 
sp
ec
ie
s,
 lo
ca
lly
 a
bu
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an
t i
n 
br
ac
ki
sh
 z
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 (
K
ra
m
m
er
 &
 
La
ng
e-
B
er
ta
lo
t, 
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 L
an
ge
-B
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ta
lo
t, 
20
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) 
of
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iv
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s 
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d 
al
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g 
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e 
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t (
al
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 o
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N
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th
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m
er
ic
a 
an
d 
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. F
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 S
w
ar
tk
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&
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pe
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i e
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 1
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 ‰
 (
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et
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. 
N
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 s
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i 
N
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a 
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a 
H
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C
os
m
op
ol
ita
n,
 w
id
es
pr
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d 
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g 
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m
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s 
co
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n 
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ac
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s 
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r 
an
d 
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la
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t s
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, m
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e 
ra
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 in
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e 
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at
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s 
w
ith
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h 
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ol
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e 
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en
t. 
F
ou
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 in
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ng
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i, 
B
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e,
 K
ow
ie
, M
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m
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w
ar
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s 
an
d 
G
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 ‰
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ra
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ra
m
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 &
 L
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t, 
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N
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 te
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N
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a 
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id
es
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A
 c
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m
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ol
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pe
ci
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s 
w
ith
 a
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e 
ra
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ro
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en
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an
t o
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m
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y 
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s.
 F
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s,
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ie
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&
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zi
m
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 e
st
ua
rie
s 
at
 0
-3
2 
‰
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et
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N
av
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k 
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ra
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R
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).
 
N
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N
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. f
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a 
Ø
st
ru
p 
M
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e 
ty
pe
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N
it 
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N
itz
sc
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a 
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si
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A
 c
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m
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).
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 b
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 p
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m
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‰
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N
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A
 c
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m
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ro
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S
w
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er
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B
at
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N
it 
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nt
 
N
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G
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w
 
A
 c
os
m
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n 
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ie
s 
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s 
w
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tr
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m
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at
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 c
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. F
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 in
 
G
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B
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hi
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 c
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 m
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f f
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 p
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l l
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 p
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K
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 ‰
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at
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N
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zi
ng
) 
W
.S
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m
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 c
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g 
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 p
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 m
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 C
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ra
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N
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‰
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‰
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 b
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ra
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 c
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 C
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 d
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 C
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tle
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pr
ea
d 
in
 th
e 
lit
to
ra
l f
ro
m
 h
ig
h 
A
rc
tic
 to
 th
e 
tr
op
ic
s 
(L
an
ge
-B
er
ta
lo
t, 
20
00
).
 F
ou
nd
 in
 M
la
la
zi
, 
M
zi
m
ku
lu
, a
nd
 G
re
at
 F
is
h 
es
tu
ar
ie
s 
at
 0
-5
 ‰
 (
B
at
e 
et
 a
l.,
 2
00
4)
. 
P
ar
sp
01
 
P
ar
lib
el
lu
s 
sp
.1
 C
ox
 
F
ou
nd
 a
t 1
8-
25
 ‰
 8
 k
m
 (
in
te
rt
id
al
) 
an
d 
9.
9 
km
 (
su
bt
id
al
) 
fr
om
 th
e 
m
ou
th
 (
T
hi
s 
st
ud
y)
. 
P
in
 y
ar
r 
P
in
nu
la
ria
 y
ar
re
ns
is
 (
G
ru
no
w
) 
Ju
ril
j 
M
ar
in
e 
to
 b
ra
ck
is
h-
w
at
er
 s
pe
ci
es
 w
id
es
pr
ea
d,
 r
ar
el
y 
in
 h
ig
h 
nu
m
be
rs
 o
f s
pe
ci
m
en
s 
(L
an
ge
-B
er
ta
lo
t, 
20
00
).
 
P
la
gs
p0
1 
P
la
gi
ot
ro
pi
s 
sp
.1
 P
fit
ze
r 
F
ou
nd
 a
t 3
5 
‰
 a
t 0
.2
 k
m
 fr
om
 th
e 
m
ou
th
 (
su
bt
id
al
) 
(T
hi
s 
st
ud
y)
. 
P
la
n 
de
li 
P
la
no
th
id
iu
m
 d
el
ic
at
ul
um
 (
K
üt
zi
ng
) 
R
ou
nd
 &
 
B
uk
tiy
ar
ov
a 
M
os
t c
om
m
on
 in
ha
bi
ta
nt
 o
f s
an
dy
 s
ed
im
en
ts
 o
f w
or
ld
w
id
e 
oc
cu
rr
en
ce
 o
n 
m
ar
in
e 
an
d 
br
ac
ki
sh
-w
at
er
 c
oa
st
s.
 S
om
et
im
es
 a
bu
nd
an
t o
n 
sp
ot
s 
af
fe
ct
ed
 b
y 
w
as
te
 w
at
er
 o
ut
flo
w
 
(L
an
ge
-B
er
ta
lo
t, 
20
00
).
 F
ou
nd
 in
 G
ou
ko
u,
 S
w
ar
tk
op
s,
 B
re
ed
e,
 G
ou
ka
m
m
a,
 M
ng
az
an
a,
 
B
us
hm
an
s,
 G
re
at
 B
ra
k,
 G
ou
rit
s 
es
tu
ar
ie
s 
at
 1
0-
36
 ‰
 (
B
at
e 
et
 a
l.,
 2
00
4)
. 
T
ry
 c
on
s 
T
ry
bl
io
ne
lla
 c
on
st
ric
ta
 (
K
üt
zi
ng
) 
R
al
fs
 
F
ou
nd
 a
t 3
5 
‰
 a
t 0
.2
 k
m
 fr
om
 th
e 
m
ou
th
 (
su
bt
id
al
) 
(T
hi
s 
st
ud
y)
. 
 
  
11
6 
 P
la
te
 A
.1
. L
ig
ht
 m
ic
ro
sc
op
e 
pi
ct
ur
es
 o
f b
en
th
ic
 d
ia
to
m
s 
th
at
 h
ad
 a
 r
el
at
iv
e 
ab
un
da
nc
e 
gr
ea
te
r 
th
an
 1
0%
. T
he
 s
am
pl
in
g 
si
te
 a
nd
 d
at
e 
ar
e 
in
di
ca
te
d 
in
 th
e 
to
p 
rig
ht
 h
an
d 
co
rn
er
. 
  
 
F
ig
ur
e 
1:
 A
m
ph
or
a 
he
le
ne
ns
is
 G
iff
en
  
 
 
 F
ig
ur
e 
2:
 A
m
ph
or
a 
st
rig
os
a 
H
us
te
dt
  
  
 
F
ig
ur
e 
3:
 C
at
en
ul
a 
ro
bu
st
a 
sp
ec
 n
ov
. M
er
es
ch
ko
w
sk
y 
F
ig
ur
e 
4:
 C
oc
co
ne
is
 e
ng
el
br
ec
ht
ii 
C
ho
ln
ok
y 
 
  
11
7 
 
   
 
F
ig
ur
e 
5:
 C
yc
lo
te
lla
 m
en
eg
hi
ni
an
a 
K
üt
zi
ng
 
   
   
 
 
   
   
 F
ig
ur
e 
6:
 D
ip
lo
ne
is
 c
f. 
st
ro
em
ii 
H
us
te
dt
  
   
 
F
ig
ur
e 
7:
 F
al
la
ci
a 
te
ne
ra
 (
H
us
te
dt
) 
D
G
 M
an
n 
 
 
   
   
 F
ig
ur
e 
8:
  F
ra
gi
la
ria
 g
ed
an
en
si
s 
W
itk
ow
sk
i  
 
  
11
8 
 
   
 
F
ig
ur
e 
9:
  H
an
tz
sc
hi
a 
cf
. b
ar
di
i L
an
ge
-B
er
ta
lo
t, 
C
av
ac
in
i, 
 
   
   
 F
ig
ur
e 
10
:  
H
an
tz
sc
hi
a 
re
ct
a 
H
an
tz
sc
h 
T
ag
lia
ve
nt
i &
 A
lfi
ni
to
  
   
 
  
F
ig
ur
e 
11
: M
as
to
gl
oi
a 
ps
eu
do
ex
ig
ua
 C
ho
ln
ok
y 
 
   
   
  F
ig
ur
e 
12
: M
as
to
gl
oi
a 
sm
ith
ii 
T
hw
ai
te
s 
 
  
11
9 
 
   
  
F
ig
ur
e 
13
: N
av
ic
ul
a 
ab
sc
on
di
ta
 H
us
te
dt
 
 
   
   
   
   
   
 F
ig
ur
e 
14
: N
av
ic
ul
a 
ce
lin
ei
 W
itk
ow
sk
i, 
M
et
ze
lti
n 
&
 L
an
ge
-B
er
ta
lo
t  
   
 
F
ig
ur
e 
15
: N
av
ic
ul
a 
ci
nc
ta
 (
E
hr
en
be
rg
) 
R
al
fs
  
 
   
   
 F
ig
ur
e 
16
: N
av
ic
ul
a 
er
ifu
ga
 L
an
ge
-B
er
ta
lo
t  
  
12
0 
  
   
 
F
ig
ur
e 
17
: N
av
ic
ul
a 
fr
ug
al
is
 H
us
te
dt
   
 
 
   
   
  F
ig
ur
e 
18
: N
av
ic
ul
a 
ha
st
ea
fo
rm
is
 C
ho
ln
ok
y 
 
   
 
F
ig
ur
e 
19
: N
av
ic
ul
a 
m
ol
lis
 (W
.S
m
ith
) 
C
le
ve
  
 
 
   
   
 F
ig
ur
e 
20
: N
av
ic
ul
a 
pe
rm
in
ut
a 
G
ru
no
w
 
  
12
1 
 
   
 
 
 F
ig
ur
e 
21
: N
av
ic
ul
a 
sa
lin
ic
ol
a 
H
us
te
dt
 
 
 
   
   
   
 F
ig
ur
e 
22
: N
av
ic
ul
a 
te
ne
llo
id
es
 H
us
te
dt
 
   
 
 
  F
ig
ur
e 
23
: N
av
ic
ul
a 
ve
kh
ov
ii 
La
ng
e-
B
er
ta
lo
t &
 G
en
ka
l 
   
   
   
  F
ig
ur
e 
24
: N
itz
sc
hi
a 
cf
. f
or
m
os
a 
Ø
st
ru
p 
  
12
2 
 
   
 
F
ig
ur
e 
25
: N
itz
sc
hi
a 
cl
au
si
i H
an
tz
sc
h 
 
 
 
   
   
  F
ig
ur
e 
26
: N
itz
sc
hi
a 
de
se
rt
or
um
 H
us
te
dt
  
   
 
F
ig
ur
e 
27
: N
itz
sc
hi
a 
fo
nt
ic
ol
a 
G
ru
no
w
  
 
 
   
   
  F
ig
ur
e 
28
: N
itz
sc
hi
a 
fr
us
tu
lu
m
 (
K
üt
zi
ng
) 
G
ru
no
w
  
 
  
12
3 
 
   
 
F
ig
ur
e 
29
: N
itz
sc
hi
a 
pa
le
a 
(K
üt
zi
ng
) W
.S
m
ith
 
 
   
   
 F
ig
ur
e 
30
: N
itz
sc
hi
a 
sp
.6
 H
as
sa
ll 
 
   
 
F
ig
ur
e 
31
: N
itz
sc
hi
a 
sp
.7
 H
as
sa
ll 
   
 
 
 
F
ig
ur
e 
32
: O
pe
ph
or
a 
bu
rc
ha
rd
tia
e 
W
itk
ow
sk
i, 
M
et
ze
lti
n 
&
 L
an
ge
-B
er
ta
lo
t 
  
12
4 
    
 
 
 
 
   
   
   
   
   
   
  
 
 
 
 
   
 
 
F
ig
ur
e 
33
: P
ar
lib
el
lu
s 
cr
uc
ic
ul
oi
de
s 
(B
ro
ck
m
an
n)
 C
ox
  
   
   
  F
ig
ur
e 
34
: P
ar
lib
el
lu
s 
de
le
gn
ei
 (
V
an
 H
eu
rc
k)
 C
ox
  
   
 
F
ig
ur
e 
35
: P
ar
lib
el
lu
s 
sp
.1
 C
ox
 
 
 
 
   
   
 F
ig
ur
e 
36
: P
in
nu
la
ria
 y
ar
re
ns
is
 (
G
ru
no
w
) 
Ju
ril
j 
 
  
12
5 
  
 
 
 
   
 
F
ig
ur
e 
37
: P
la
gi
ot
ro
pi
s 
sp
.1
 P
fit
ze
r 
 
 
 
 
   
   
 F
ig
ur
e 
38
: P
la
no
th
id
iu
m
 d
el
ic
at
ul
um
 (
K
üt
zi
ng
) 
R
ou
nd
 &
 B
uk
tiy
ar
ov
   
   
 
 
F
ig
ur
e 
39
: T
ry
bl
io
ne
lla
 c
on
st
ric
ta
 (
K
üt
zi
ng
) 
R
al
fs
 
  
126 
 
Appendix B. Tables, figures and plates of physico-chemical and biological data for the weekly 
response study. 
(a)  (b)  
(c)  (d)  
(e)   (f)  
(g)  (h)  
 
Plate B.1. Wet mounts of plankton that were included in the group “other” [(a) tintinnid, (b, c) ciliates]. 
Phytoplankton groups: (d) flagellates; (e) Cylindrotheca closterium; (f) Cyclotella atomus; (g) 
euglenoid; (h) dinoflagellate.  
  
127 
 
0.025
0.045
0.065
0.085
0.105
0.125
0.145
0.165
0.185
0.205
0.225
27
-F
eb
-0
9
28
-F
eb
-0
9
1-
M
ar
-0
9
2-
M
ar
-0
9
3-
M
ar
-0
9
4-
M
ar
-0
9
5-
M
ar
-0
9
6-
M
ar
-0
9
7-
M
ar
-0
9
8-
M
ar
-0
9
9-
M
ar
-0
9
10
-M
ar
-0
9
11
-M
ar
-0
9
12
-M
ar
-0
9
13
-M
ar
-0
9
14
-M
ar
-0
9
15
-M
ar
-0
9
16
-M
ar
-0
9
17
-M
ar
-0
9
18
-M
ar
-0
9
19
-M
ar
-0
9
20
-M
ar
-0
9
21
-M
ar
-0
9
22
-M
ar
-0
9
23
-M
ar
-0
9
24
-M
ar
-0
9
25
-M
ar
-0
9
26
-M
ar
-0
9
27
-M
ar
-0
9
28
-M
ar
-0
9
29
-M
ar
-0
9
30
-M
ar
-0
9
31
-M
ar
-0
9
1-
A
pr
-0
9
2-
A
pr
-0
9
3-
A
pr
-0
9
4-
A
pr
-0
9
5-
A
pr
-0
9
6-
A
pr
-0
9
7-
A
pr
-0
9
8-
A
pr
-0
9
9-
A
pr
-0
9
10
-A
pr
-0
9
11
-A
pr
-0
9
12
-A
pr
-0
9
Time (Days)
F
lo
w
 (m
3 
s-
1 )
 
Figure B.1. Flow data during March and April 2009 (Sampling dates are indicated by arrows; data 
from DWA station N4H005). 
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Figure B.2. Rainfall data from Port Elizabeth harbour indicating prevailing rainfall conditions during 
sampling from March to April 2009 (Sampling dates are indicated by arrows; data obtained from 
Weather SA). 
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Figure B.3.  Secchi depth along the Sundays Estuary from March to April 2009. 
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Figure B.4. Tidal amplitude data from Port Elizabeth harbour indicating prevailing tidal conditions in 
the Sundays Estuary during sampling from March to April 2009 (data obtained from Weather SA). 
  
129 
 
0.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0
7:12 8:24 9:36 10:48 12:00 13:12 14:24 15:36 16:48
Time (hours)
W
in
d 
sp
ee
d 
(m
/s
)
13-Mar-09 19-Mar-09 26-Mar-09 2-Apr-09 9-Apr-09
 
Figure B.5. Wind speed data from Port Elizabeth harbour indicating prevailing wind conditions during 
sampling from March to April 2009 (data obtained from Weather SA). 
 
 
 
Table B.1. Mean salinity for each site and longitudinal and vertical salinity gradient in the Sundays 
Estuary from 13 March to 9 April (Weeks 1 - 5). Shaded blocks indicate the existence of the REI 
zone where salinity was less than 10 ‰ and where longitudinal and vertical salinity gradients were 
present.  
 
 
REI 
ZONE 
Distance from 
the mouth (km) Week 1 Week 2 Week3 Week 4 Week 5 
3.8 25.7 20.4 29.8 27.1 30.6 
8 16.4 20.1 22.9 20.0 21.6 
9.9 13 14.6 18.7 20.8 17.3 
12.5 2.7 11.8 9.6 13.7 8.9 
16.3 1.7 9.7 2.3 5.8 2.6 
Longitudinal  24 11 27 21 28 
Vertical 4.5 13.4 6.7 15.5 3.7 
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Table B.2. Mean chlorophyll a for all depths at different sites in the Sundays Estuary from 13 March 
to 9 April (Weeks 1 - 5). Shaded blocks indicate high chlorophyll a (>20 µg l-1). 
 
Distance from 
the mouth (km) Week 1 Week 2 Week 3 Week 4 Week 5 
3.8 6.7 6.3 10.7 7.4 7.1 
8 38.1 8.3 12.7 13.2 16 
9.9 35.2 15.1 12.3 25.4 28.8 
12.5 16.6 9.8 10.3 59.1 41.1 
16.3 12 9.3 12.7 40.5 13.1 
 
 
Table B.3. Dominant (>10 % relative abundance) phytoplankton groups per site in the Sundays 
Estuary from 13 March to 9 April (Weeks 1 - 5). 
 
Distance from 
the mouth (km) Week 1 Week 2 Week 3 Week 4 Week 5 
3.8 Flagellates Flagellates Flagellates Flagellates Flagellates 
8 Diatoms Diatoms Flagellates Flagellates Diatoms 
9.9 Diatoms Diatoms Flagellates Flagellates Diatoms 
12.5 Diatoms Diatoms Flagellates Flagellates Flagellates 
16.3 Diatoms Flagellates Flagellates Diatoms Flagellates 
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Table C.13. Variation of ammonium concentration with time using one-way ANOVA. 
 
Source DF SS MS F P 
Time 4 6967.2 1741.8 19.37 0 
Distances 9 2965.3 329.48 3.66 0.001 
Interaction 36 7918.1 219.95 2.45 0.002 
Error 50 4495.9 89.92   
Total 99 22346.6    
S = 9.483; R-Sq = 79.88%; R-Sq(adj) = 60.16% 
Individual 95% CIs For Mean Based on Pooled StDev   
Time       Mean  ----+---------+---------+---------+----- 
Week 1  11.7642    (---*---)     
Week 2  10.0558  (---*---)      
Week 3  19.7592            (---*---)    
Week 4  17.9567          (---*---)     
Week 5  33.6625                         (----*---)   
                 ----+---------+---------+---------+----- 
                    10        20        30        40   
 
Table C.14. Variation of TOxN concentration with time using one-way ANOVA. 
 
Source DF SS MS F P 
Time 4 0.9623 0.240568 4.02 0.007 
Distances 9 8.1015 0.900166 15.06 0 
Interaction 36 9.8083 0.272452 4.56 0 
Error 50 2.9893 0.059787   
Total 99 21.8614    
S = 0.244513; R-Sq = 86.33%; R-Sq(adj) = 72.93% 
Individual 95% CIs For Mean Based on Pooled StDev   
Time        Mean  ---------+---------+---------+---------+ 
Week 1  0.528015         (------*-------)    
Week 2  0.427022  (------*-------)     
Week 3  0.550588          (-------*------)    
Week 4  0.430551  (-------*------)     
Week 5  0.695110                    (------*-------)   
                  ---------+---------+---------+---------+ 
                         0.45      0.60      0.75      0.90 
 
 
Table C.15. Variation of SRP concentration with time using one-way ANOVA. 
 
Source DF SS MS F P 
Time 4 0.071667 0.017917 13.31 0 
Distances 9 0.498287 0.055365 41.14 0 
Interaction 36 0.181762 0.005049 3.75 0 
Error 50 0.06729 0.001346   
Total 99 0.819005    
S = 0.03669; R-Sq = 91.78%; R-Sq(adj) = 83.73% 
Individual 95% CIs For Mean Based on Pooled StDev   
Time        Mean    +---------+---------+---------+--------- 
Week 1  0.179726                            (-----*----) 
Week 2  0.171045                          (----*-----)   
Week 3  0.107687    (-----*----)     
Week 4  0.145721                 (-----*----)    
Week 5  0.174826                           (----*-----) 
                    +---------+---------+---------+--------- 
                  0.090     0.120     0.150     0.180   
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Table C.16. Variation of silicate concentration with time using one-way ANOVA. 
 
Source DF SS MS F P 
Time 4 7950 1987.6 50.49 0 
Distances 9 142493 15832.6 402.2 0 
Interaction 36 67351 1870.9 47.53 0 
Error 50 1968 39.4   
Total 99 219763    
S = 6.274; R-Sq = 99.10%; R-Sq(adj) = 98.23% 
Individual 95% CIs For Mean Based on Pooled StDev   
Time       Mean      +---------+---------+---------+--------- 
Week 1  137.495                                  (---*--) 
Week 2  127.437                      (--*---)    
Week 3  133.984                              (--*---)   
Week 4  117.803          (--*---)     
Week 5  114.481      (--*---)     
                     +---------+---------+---------+--------- 
                 112.0     120.0     128.0     136.0   
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Table C.23. Variation of chlorophyll a size fractions during Week 1, using one-way 
ANOVA. 
 
Source DF SS MS F P 
Size Fractions 2 1070.3 535.1 7.13 0.002 
Error 42 3150.2 75   
Total 44 4220.5    
S = 8.661; R-Sq = 25.36%; R-Sq(adj) = 21.81%   
 
Individual 95% CIs For Mean Based on Pooled StDev 
Level   N    Mean   StDev  ---+---------+---------+---------+------ 
Micro  15   4.02   3.965    (--------*--------) 
Nano   15  13.92  14.205                        (--------*--------) 
Pico   15   3.18   2.743  (--------*--------) 
                           ---+---------+---------+---------+------ 
                            0.0       5.0      10.0      15.0 
Pooled StDev = 8.661 
 
Table C.24. Variation of chlorophyll a size fractions during Week 2, using one-way 
ANOVA. 
 
Source DF SS MS F P 
Size Fractions 2 76.89 38.45 11.94 0 
Error 42 135.29 3.22     
Total 44 212.18       
S = 1.795; R-Sq = 36.24%; R-Sq(adj) = 33.20%   
 
Individual 95% CIs For Mean Based on Pooled StDev 
Level   N   Mean  StDev  -----+---------+---------+---------+---- 
Micro  15  1.98  1.471   (-------*-------) 
Nano   15  4.41  2.551                          (-------*-------) 
Pico   15  1.59  0.997  (-------*-------) 
                         -----+---------+---------+---------+---- 
                            1.2       2.4       3.6       4.8 
Pooled StDev = 1.795 
 
Table C.25. Variation of chlorophyll a size fractions during Week 3, using one-way 
ANOVA. 
 
Source DF SS MS F P 
Size Fractions 2 116.16 58.08 10.73 0 
Error 42 227.25 5.41     
Total 44 343.41       
S = 2.326; R-Sq = 33.82%; R-Sq(adj) = 30.67%   
 
Individual 95% CIs For Mean Based on Pooled StDev 
Level   N   Mean  StDev  -----+---------+---------+---------+---- 
Micro  15  1.98  1.203  (------*-------) 
Nano   15  5.69  3.574                         (-------*------) 
Pico   15  2.70  1.419      (-------*------) 
                         -----+---------+---------+---------+---- 
                            1.6       3.2       4.8       6.4 
Pooled StDev = 2.326 
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Table C.26. Variation of chlorophyll a size fractions during Week 4, using one-way 
ANOVA. 
 
Source DF SS MS F P 
Size Fractions 2 1266.7 633.4 7.92 0.001 
Error 45 3598.4 80     
Total 47 4865.1       
S = 8.942; R-Sq = 26.04%; R-Sq(adj) = 22.75%   
 
Individual 95% CIs For Mean Based on Pooled StDev 
Level   N    Mean   StDev  ----+---------+---------+---------+----- 
micro  16   2.36   1.725  (-------*------) 
nano   16  13.40  15.355                     (------*-------) 
pico   16   2.66   1.073   (------*-------) 
                           ----+---------+---------+---------+----- 
                             0.0       6.0      12.0      18.0 
Pooled StDev = 8.942 
 
Table C.27. Variation of chlorophyll a size fractions during Week 5, using one-way 
ANOVA. 
 
Source DF SS MS F P 
Size Fractions 2 1367 683 5.16 0.01 
Error 45 5956 132     
Total 47 7323       
S = 11.50; R-Sq = 18.67%; R-Sq(adj) = 15.05%   
 
Individual 95% CIs For Mean Based on Pooled StDev 
Level   N   Mean  StDev  -----+---------+---------+---------+---- 
Micro  16   3.61   4.28   (---------*---------) 
Nano   16  14.40  19.34                     (---------*---------) 
Pico   16   2.61   2.16  (--------*---------) 
                         -----+---------+---------+---------+---- 
                            0.0       6.0      12.0      18.0 
Pooled StDev = 11.50 
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